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AN EXPERIMENTAL INVESTIGATION OF 
VORTEX STABILITY, TIP SHAPES, COMPRESSIBILITY, 

AND NOISE FOR HOVERING MODEL ROTORS 

By James L. Tang le r ,  Rober t  M.  WohLfeLd, 
and S t a n  J .  Miley 

B e l l  H e l i c o p t e r  Company 

I.  INTEtODUCTION 

A hover ing  r o t o r  b l ade  g e n e r a t e s  a cont inuous  v o r t e x  
s h e e t ,  t h e  outboard  p o r t i o n  o f  which immediately r o l l s  up  i n t o  
a d i s c r e t e  v o r t e x  a t  t h e  b l a d e ' s  t i p  as shown i n  F igu re  1. 

R 

TIP 

J 
BLADE 

VORTEX SHEET 

VORTEX 

F igure  1. Wake Generated by a Ro to r  Blade. 

The t i p  v o r t e x  and the  remain ing  p o r t i o n  o f  t h e  v o r t e x  
s h e e t  t r a v e l  downward i n  a smoothly c o n t r a c t i n g  h e l i c a l  
p a t t e r n  determined by t h e  induced v e l o c i t y  f i eLd  g e n e r a t e d  
by bo th  the  wake and the  bound b lade  v o r t i c i t y .  The v o r t e x  
s h e e t  t r a v e l s  downstream a t  a much f a s t e r  r a t e  than t h e  t i p  
v o r t e x .  I n  t h e  r e g i o n  o f  maximum wake c o n t r a c t i o n  t h e  s t r o n g  
i n t e r a c t i o n  between a d j a c e n t  t i p  v o r t i c e s  from ne ighbor ing  
r o t o r  b l ades  a l t e r s  t h e  t r a j e c t o r y  of  t h e  v o r t i c e s  caus ing  
them t o  move downward a t  a n  i r r e g u l a r  r a t e .  T h e r e a f t e r ,  
v o r t e x  i n s t a b i l i t y  occur s ,  which e v e n t u a l l y  r e s u L t s  i n  v o r t e x  
d i f f u s i o n  and br'eakup. This p rocess  d i f f e r s  considerabLy 
from t h e  c l a s s i c a l  concept  of  a smoothly c o n t r a c t i n g  wake t h a t  
moves downstream i n  a n  o r d e r l y  manner. 

Most s t u d i e s  on v o r t e x  s t a b i l i t y  have d e a l t  w i t h  the  t i p  
v o r t e x  p a i r  g e n e r a t e d  by f ixed-wing a i r c r a f t .  Various f a c t o r s  
and mechanisms r e s p o n s i b l e  f o r  t h e  i n s t a b i l i t y  and decay o f  a 
v o r t e x  p a i r  have been r e p o r t e d  i n  Re fe rences  1. through 3. An 



e a r l y  i n v e s t i g a t i o n  of t h e  m o t i o n  and s t a b i l i t y  o f  a h e l i c a l  
v o r t e x  w a s  conducted by Levy and Forsdyke (Ref.  4 ) .  They 
found t h a t  a h e l i c a l  v o r t e x  w a s  s t a b l e  o n l y  i f  t h e  t a n g e n t  o f  
t h e  h e l i c a l  p i t c h  a n g l e  exceeds 0 .3 .  Based on t h e i r  f i n d i n g  
t h e  wake g e n e r a t e d  by a hover ing  p r o p e l l e r  o r  r o t o r  would be 
uns t ab le  s i n c e  e a c h  has a p i t c h  Less than  t h i s  v a l u e .  

A f ree-wake a n a l y s i s  developed by C r i m i  (Ref.  5 )  can be 
used t o  c a l c u l a t e  t h e  t r a j e c t o r y  o f  t he  t i p  v o r t e x  g e n e r a t e d  
by a r o t o r .  U s i n g  h i s  method i n  t h e  hover mode f o r  a two- 
bladed r o t o r ,  he notes  evidence o f  nonper iodic  wake behav io r  
o c c u r r i n g  between two t o  t h r e e  r e v o l u t i o n s  of the  wake below 
t h e  r o t o r .  

Tanner and Wohlfeld (Ref.  6 )  a p p l i e d  t h e  s c h l i e r e n  method 
o f  f low v i s u a l i z a t i o n  t o  r o t a t i n g  sys t ems ,  and s t u d i e d  t h e  
p a t h  fol lowed by the  t i p  v o r t e x  g e n e r a t e d  by model p r o p e l l e r s .  
They observed t h a t  t h e  wake became uns t ab le  s e v e r a l  r e v o l u t i o n s  
below t h e  r o t o r ,  and t h a t  t h e r e  w a s  a h igh  degree  of  mixing 
between t h e  v o r t e x  s h e e t  g e n e r a t e d  by a blade and t h e  t i p  
v o r t e x  from t h e  p rev ious  b lade .  

Extens ive  a n a l y t i c a l  and expe r imen ta l  i n v e s t i g a t i o n s  o f  
h e l i c o p t e r  hover  performance and wake geometry c h a r a c t e r i s  t i c s  
have been conducted by Landgrebe (Refs .  7 through 9 ) .  D u r i n g  
t h e s e  i n v e s t i g a t i o n s  he found ev idence  of  wake i n s t a b i l i t y  
which i n c r e a s e d  w i t h  d i s t a n c e  below the  r o t o r .  He a l s o  found 
t h a t  s m a l l  e r r o r s  i n  p r e d i c t i n g  t h e  wake geometry c l o s e  t o  t h e  
r o t o r  can r e s u l t  i n  l a r g e  e r r o r s  i n  performance p r e d i c t i o n s .  
This  w a s  p a r t i c u l a r l y  t r u e  f o r  r o t o r s  having more than  two 
b l a d e s .  

R e c e n t l y  Widnall  (Ref.  10) t h e o r e t i c a l l y  i n v e s t i g a t e d  t h e  
s t a b i l i t y  of a h e l i c a l  v o r t e x  f i l a m e n t .  The r e s u l t s  o f  t h i s  
i n v e s t i g a t i o n  showed t h a t  a h e L i c a l  v o r t e x  f i l a m e n t  has s e v e r -  
a l  modes of  i n s t a b i l i t y .  

S e v e r a l  i n v e s t i g a t o r s  have Looked a t  t h e  e f f e c t s  produced 
by blade t i p  shape on t i p  v o r t e x  c h a r a c t e r i s t i c s  and perform- 
ance .  McCormick e t . a l .  (Ref. 11) conducted wind- tunnel  tes ts  
t o  de te rmine  t h e  v o r t e x  c h a r a c t e r i s t i c s  a s s o c i a t e d  w i t h  s e v e r -  
a l  t i p s .  R e s u l t s  from t h i s  i n v e s t i g a t i o n  showed t h a t  a 60 deg 
s w e p t - a f t  t i p  s u b s t a n t i a l l y  reduced the  maximum c i r c u m f e r e n t i a l  
v e l o c i t y  i n  t h e  t i p  v o r t e x  over  t h a t  of  a squa re  t i p .  

R .  Sp ivey  (Ref. 1 2 )  i n v e s t i g a t e d  the e f f e c t s  of  p r o f i l e  
and planform shape on t i p  aerodynamics and found t h a t  sweeping 
t h e  l e a d i n g  edge of t he  t i p  a f t  70 deg reduced t h e  power r e -  
q u i r e d  i n  forward f l i g h t .  Fu r the r  wind- tunnel  s t u d i e s  by 
W. Sp ivey  (Ref .  1 3 )  found t h a t  b o t h  a s w e p t - a f t  and doub le -  
swept t i p  p rovided  performance improvements o v e r  a s q u a r e  t i p  
f o r  a wide r ange  o f  c o n d i t i o n s .  
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R e c e n t l y  t h e  wake g e n e r a t e d  by a hovering r o t o r  has been 
surveyed u s i n g  h o t - f i l m  and hot -wire  anemometer t echn iques .  
Boatwright  (Ref. 14)  surveyed t h e  wake g e n e r a t e d  by a f u l l -  
s c a l e  r o t o r  us ing  a s p l i t - f i l m  t o t a l  v e c t o r  anemometer t o  
o b t a i n  three-component wake v e l o c i t y  measurements e Cook 
(Ref.  1 5 )  i n v e s t i g a t e d  the  s t r u c t u r e  o f  t he  t i p  v o r t e x  g e n e r -  
a t e d  by a f u l l - s c a l e  s i n g l e - b l a d e d  r o t o r  u s i n g  a hot -wire  
anemometer. 

The p r e d i c t i o n  o f  hover performance r e q u i r e s  a n  a c c u r a t e  
d e s c r i p t i o n  o f  t he  f low f i e l d  i n  which t h e  r o t o r  w i l l  o p e r a t e .  
Although s i g n i f i c a n t  p r o g r e s s  has  been made i n  d e f i n i n g  the  
f low f i e l d  f o r  a wide range  of  c o n d i t i o n s ,  d e t a i l e d  knowledge 
abou t  v a r i o u s  aspects  of t h e  wake is  r e q u i r e d  t o  f u r t h e r  r e f i n e  
p r e s e n t l y  a v a i l a b l e  hover performance methods. Those a r e a s  i n  
which fnsuf  f i c i e n  t knowledge is  a v a i l a b l e  concern (1) t h e  
s t a b i l i t y  of t h e  t i p  v o r t e x ,  ( 2 )  t he  r a t e  a t  which t h e  t i p  
v o r t e x  d e c a y s ,  and ( 3 )  t h e  e f f e c t s  produced by t i p  geometry 
on t h e  c h a r a c t e r i s t i c s  o f  t he  t i p  v o r t e x .  These a r e a s  a l s o  
p e r t a i n  t o  t h e  a n a l y s i s  of  aerodynamic n o i s e  and wake induced 
v i b r a t o r y  l o a d s  on a n  a i r c r a f t ' s  f u s e l a g e  and l i f t i n g  s u r f a c e s .  

The purpose o f  t h i s  r e s e a r c h  program w a s  t o  deve lop  ex-  
p e r i m e n t a l  t echn iques  ( u t i l i z i n g  the  s c h l i e r e n  method o f  flow 
v i s u a l i z a t i o n  and hot -wire  method of  v e l o c i t y  measurement) f o r  
s t u d y i n g  the  wake of  s m a l l - s c a l e  r o t o r s  i n  hover .  These t e c h -  
niques were d i r e c t e d  toward: 

(1) Determining what f a c t o r s  and mechanisms a r e  
involved  i n  v o r t e x  i n t e r a c t i o n  and i n s t a b i l i t y  
and how t h e s e  phenomena a r e  man i fe s t ed .  

( 2 )  Analyzing t h e  performance and f low f i e l d  cha rac -  
t e r i s t i c s  o f  a s q u a r e ,  swept ,  and  double-swept 
t i p  shape .  

( 3 )  I n v e s t i g a t i n g  t h e  shock format ion  and no i se  
c h a r a c t e r i s t i c s  a s s o c i a t e d  w i t h  v a r i o u s  a i r -  
f o i l  p r o f i l e s  and t i p  shapes .  
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I1 ~ EXPERIMENTAL APPARATUS 

2 . 1  Model Ro to r  F a c i l i t y  

The t e s t  f a c i l i t y  used f o r  t h i s  i n v e s t i g a t i o n  w a s  l o c a t e d  
i n  a l a r g e  room a t  B e l l  H e l i c o p t e r  Company as shown i n  F i g u r e  
2 .  The f a c i l i t y  i nc luded  two model r o t o r  hover t e s t  r i g s  and 
a s c h l i e r e n  sys tem f o r  v i s u a l i z i n g  t h e  r o t o r ' s  flow f i e l d .  

' 2 . 1 . 1  Primary hover t e s t  rig. - The pr imary hover t e s t  r i g  i s  
shown i n  F i g u r e  3. The r o t o r  w a s  mounted i n  a n  i n v e r t e d  p o s i -  
t i o n  s o  t h a t  t h e  wake propagated  upward. This p o s i t i o n  e l im-  
i n a t e d  any  ground e f f e c t  o r  t e s t  s t a n d  i n t e r f e r e n c e  w i t h  t h e  
wake. The e l e c t r i c  d r i v e  motor w a s  r a t e d  a t  5.96 k i l o w a t t s  
a t  20,000 rpm and w a s  d r i v e n  by a v a r i a b l e  f requency  power 
supply .  Through a 3.33:l  speed  r e d u c t i o n  system t h e  rpm w a s  
reduced t o  6000 f o r  d r i v i n g  t h e  35 c m  r a d i u s  r o t o r  shown. 
This  rpm corresponded t o  a m a x i m u m  t i p  speed of  214 m/sec. 
Because of t h e  moto r ' s  power l i m i t a t i o n  t h i s  t i p  speed could  
no t  be ach ieved  a t  h igh  c o l l e c t i v e  p i t c h  s e t t i n g s .  Conse- 
q u e n t l y ,  it w a s  necessa ry  t o  l i m i t  r o t o r  t i p  speeds t o  152 
m/sec s o  t h a t  t he  complete c o l l e c t i v e  p i t c h  range of t h e  
r o t o r s  could  be u t i l i z e d .  Wake s t u d i e s  a t  t i p  speeds  g r e a t e r  
than  152 m/sec were conducted u s i n g  1 6 . 5  and 20.3 c m  r a d i u s  
p r o p e l l e r s  and r o t o r s  w i thou t  t h e  speed r e d u c t i o n  s y s  tem. 

Ro to r  t h r u s t  measurements were ob ta ined  from a small  
s t r a i n - g a g e d  c a n t i l e v e r  beam mounted i n s i d e  t h e  base o f  t h e  
t e s t  s t a n d .  The complete r o t o r  and d r i v e  system w a s  mounted 
t o  a s t e e l  s h a f t  t h a t  w a s  f r e e  t o  s l i d e  up and down i n s i d e  
t h e  t e s t  s t a n d  base .  The bottom of  t h e  s h a f t  w a s  suppor t ed  
by t h e  end of  t h e  c a n t i l e v e r  beam. One b a l l  bea r ing  provided  
p o i n t  c o n t a c t  between the  end of  t h e  c a n t i l e v e r  beam and t h e  
c e n t e r  of the  s h a f t  s u p p o r t i n g  the  r o t o r  and d r i v e  sys tem.  
Torque measurements were o b t a i n e d  from a s t r a i n - g a g e d  moment 
a r m  l o c a t e d  abou t  half-way up the  t e s t  s t a n d .  Both t h r u s t  and 
to rque  measurements were r eco rded  on a n  X-Y p l o t t e r .  

A t r a v e r s i n g  mechanism l o c a t e d  above t h e  r o t o r  i n  t h e  
r e g i o n  of  t h e  wake w a s  used t o  p o s i t i o n  a hot -wire  anemometer 
probe .  The probe cou ld  be p o s i t i o n e d  r a d i a l l y  w i t h  a motor- 
d r i v e n  l e a d  screw.  The v e r t i c a l  p o s i t i o n  had t o  be changed 
manually.  

1 2 .1 .2  One-bladed hover t e s t  rig. - The secondary  t e s t  r i g ,  
shown i n  F igure  4 ,  w a s  used f o r  t a k i n g  v e l o c i t y  measurements 
o f  t h e  t i p  v o r t e x . g e n e r a t e d  by a s ingye -b laded-  r o t o r .  
r o t o r  w a s  powered by a 1 8 7  w a t t  v a r i a b l e  speed e l e c t r i c  motor 
c o n t r o l l e d  by a v a r i a c .  A t e l e s c o p i n g ,  t r a v e r s i n g  mechanism 
t h a t  r o t a t e s  w i t h  t h e  b lade  w a s  used t o  p o s i t i o n  t h e  hot -wire  

The 
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F i g u r e  3, Primary Hover T e s t  R i g .  
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Figure  4, O n e - B l a d e d  H o v e r  T e s t  R i g ,  

7 



i n  t h e  t i p  v o r t e x .  Its az imuth ,  r e l a t i v e  t o  t h e  b l a d e ,  w a s  
changed manually.  The s i g n a l  from t h e  hot-wire  w a s  f e d  i n t o  
t h e  hub-mounted anemometer a m p l i f i e r .  Wires from t h e  a m p l i -  
f i e r  passed down t h e  hollow d r i v e s h a f t  t o  t h e  s l i p  r i n g  u n i t  
a t  t h e  bottom o f  t h e  t e s t  s t a n d .  From t h e r e  t h e  s i g n a l  w a s  
f ed  i n t o  a l i n e a r i z e r  and then monitored on a n  o s c i l l o s c o p e .  

2.2 S c h l i e r e n  System 

Figure  5 i s  a schemat ic  of  t he  s c h l i e r e n  system developed 
by B e l L  HeLicopter  Company t o  v i s u a l i z e  the  flow g e n e r a t e d  by 
s m a l l - s c a l e  r o t o r s .  

The u n i q u e  f e a t u r e  o f  t h i s  system i s  t h e  e l e c t r o n i c a l l y  
c o n t r o l l e d  s t r o b o s c o p i c  l i g h t  s o u r c e  used t o  make t h e  r o t a t i n g  
system a p p e a r  mot ion le s s .  It c o n s i s t s  of a magnetic pickup 
t h a t  r e c e i v e s  one s i g n a l  per  r e v o l u t i o n  from t h e  r o t o r  s h a f t .  
The s i g n a l  i s  f e d  i n t o  a p r e a m p l i f i e r ,  a pulse-shaping  Schmi t t  
t r i g g e r  c i r c u i t ,  a n  a d j u s t a b l e  t ime-de lay  c i r c u i t ,  and a n  o u t -  
p u t  s tage  as shown i n  t h e  b lock  diagram. With t h e  a d j u s t a b l e  
t ime-de lay  c i r c u i t  t h e  wake can be v i s u a l i z e d  w i t h  t h e  r o t o r  
a t  any az imuth ,  I ) ,  w i t h  r e s p e c t  t o  t h e  f o c a l  p l ane .  

2 .3  Model Ro to r s  

Because of t h e  broad r equ i r emen t s  of t h i s  i n v e s t i g a t i o n  
model r o t o r s  o f  v a r i o u s  s i z e s  were r e q u i r e d .  I n  Table I ,  t h e s e  
r o t o r s  a r e  c a t e g o r i z e d  i n t o  t h r e e  groups  based on t h e i r  use 
i n  t h i s  r e p o r t .  

TABLE I 

MODEL ROTOR GROUPS 

S e c t i o n  I11 (Vortex S t a b i l i t y  I n v e s t i g a t i o n )  

S e c t i o n  V ( C o m p r e s s i b i l i t y  and Noise 
I n v e s t i g a t i o n )  

2 . 3 , l  Rotor  Group 1. - This  group c o n s i s t e d  of two s m a l l  
f i x e d - p i t c h  p r o p e l l e r s  and f o u r  s m a l l  f i x e d - p i t c h  rotors 
shown i n  F igu re  6 .  With t h e s e  small p r o p e l l e r s  and r o t o r s  
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F i g u r e  6 ,  Model P r o p e l l e r s  and Ro to r s  Used for the 
Vortex S t a b i l i t y  I n v e s t i g a t i o n  (Ro to r  Group 
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t h e i r  complete wake could  be observed  w i t h  t h e  s c h l i e r e n  s y s -  
tem f o r  t h e  v o r t e x  s t a b i l i t y  i n v e s t i g a t i o n .  

2 .3 .2  Rotor Group 2 .  - This  group c o n s i s t e d  of t h r e e  l a r g e r  
model r o t o r s  w i t h  a s q u a r e ,  swep t ,  and double-swept t i p  shape 
as shown i n  F igu re  7 .  The performance and wake c h a r a c t e r i s t i c s  
a s s o c i a t e d  w i t h  t h e s e  r o t o r s  were i n v e s t i g a t e d .  The b l a d e s  
which were machined from hard maple and covered w i t h  a l a y e r  
of f i b e r g l a s s ,  were r i g i d l y  mounted i n t o  t h e  hub. The i r  c o l -  
l e c t i v e  p i t c h  w a s  v a r i e d  manual ly .  The 58 deg swept and 
double-swept  t i p  shapes  were f a b r i c a t e d  o n t o  s t a n d a r d ,  squa re  
t i p  b l a d e s .  The b l ade  a r e a  w a s  k e p t  c o n s t a n t  i n  e ach  case  s o  
t h a t  a s u f f i c i e n t l y  v a l i d  performance comparison cou ld  be made 
between t h e  b l a d e s .  Consequent ly ,  the  b l a d e ' s  r a d i u s  a t  t h e  
t r a i l i n g  edge f o r  t h e  swept and double-swept  t i p  w a s  s l i g h t l y  
l a r g e r  t han  t h a t  o f  t h e  squa re  t i p  b l a d e ,  wh i l e  t h e i r  Leading 
edge r a d i u s  w a s  s l i g h t l y  s m a l l e r .  On  b o t h  the  swept and 
double-swept  t i p  t h e  sweep w a s  t e rmina ted  s l i g h t l y  be fo re  the  
t r a i l i n g  edge.  

I n  a d d i t i o n  t o  t h e s e  b l a d e s ,  t h i s  group a l s o  inc luded  a 
s i n g l e  mahogany r o t o r  b l ade  shown i n  F igu re  4 ,  t h a t  w a s  used 
f o r  t h e  t i p  v o r t e x  a n a l y s i s  conducted w i t h  t h e  s t a t i o n a r y  hot -  
w i r e  probe.  The b lade  had a 7 2 . 4  cm r a d i u s ,  4.14 cm c o n s t a n t  
cho rd ,  z e r o  t w i s t ,  and a NACA 0012 a i r f o i l  p r o f i l e .  

2 . 3 , 3  Ro to r  Group 3. - Group 3 c o n s i s t e d  o f  t h r e e  small f i x e d -  
p i t c h  r o t o r s  w i t h  a s q u a r e ,  swep t ,  and double-swept t i p  shape 
as shown i n  F igu re  8.  A second s q u a r e  t i p  r o t o r  i d e n t i c a l  t o  
t h a t  shown, e x c e p t  i t  had a Wortmann FX 69-H-098 a i r f o i l ,  w a s  
a l s o  inc luded  i n  t h i s  group.  These small r o t o r s  were i d e a l  
f o r  t h e  c o m p r e s s i b i l i t y  and n o i s e  p o r t i o n  o f  t h e  i n v e s t i g a t i o n  
because o f  t h e i r  low power r equ i r emen t  which enabled  them t o  
be o p e r a t e d  a t  h i g h  t i p  Mach numbers. 

2 .4  Hot-wire Anemometer 

Cons tan t - t empera tu re  , hot -wire  anemometers were used f o r  
t a k i n g  v e l o c i t y  measurement i n  t h e  wake. O r i g i n a l l y  i t  w a s  
a n t i c i p a t e d  t h a t  v e l o c i t y  measurements would be t aken  w i t h  a n  
X-conf igu ra t ion  probe .  This proved t o  be i m p r a c t i c a l  s i n c e  
t h e  s i z e  o f  t h e  X-probe w a s  app rox ima te ly  equal t o  t h e  d i ame te r  
o f  t h e  v o r t e x  co re  be ing  measured. Because of t h i s ,  t h e  s p a -  
t i a l  r e s o l u t i o n  w a s  t o o  poor t o  f u r t h e r  pursue i t s  use w i t h  
s m a l l - s c a l e  r o t o r s .  Consequent ly ,  a probe w i t h  a s i n g l e  
p l a t inum- i r id ium w i r e  17.80 microns i n  d i ame te r  and 4.0 mm 
i n  l e n g t h  w a s  used f o r  t ak ing  v e l o c i t y  measurements i n  t he  
wake. The s i g n a l  from the  hot -wire  w a s  cond i t ioned  by a 
l i n e a r i z e r  th rough which t h e  o u t p u t  v o l t a g e  w a s  made n e a r l y  
p r o p o r t i o n a l  t o  t h e  f low v e l o c i t y .  The o u t p u t  v o l t a g e  w a s  
then  monitored on a n  o s c i l l o s c o p e .  
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Radius 35,O crn 
Chord 5 - 7 1  c m  
A i r f o i l  NACA 0012 
P i t c h  Variable 
T w i s t  

F i g u r e  7, Model Ro to r s  Used f o r  the T i p  Shape 
I n v e s t i g a t i o n  (Ro to r  Group 2 ) -  
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Radius 2 0 - 3  cm 
Chord 4,14 c m  
Airfoil NACA 0012 
Twist 

Figure 8, Model Rotors U s e d  for the Compressibility 
and Noise Investigation (Rotor Group 3 ) -  

13 



2 . 5  Noise Equipment 

The equipment u t i l i z e d  i n  t h e  n o i s e  s u r v e y  c o n s i s t e d  of 
a B&K Model 4145 2.54 c m  d i ame te r  f r e e - f i e l d  microphone w i t h  
a random inc idence  c o r r e c t o r  and windscreen.  The n o i s e  d a t a  
were recorded  on a Nagra I11 6.35 mm t ape  r e c o r d e r  a t  38.1 
cm/sec. The microphone-recorder  sys tem w a s  c a l i b r a t e d  f o r  
each  of  t h e  t h r e e  rotor n o i s e  su rveys  by a B&K Model 4220 
p i s  tonphone. 

1 4  



111. EXPERIMENTAL VORTEX STABILITY INVESTIGATION 

U t i l i z i n g  t h e  s c h l i e r e n  system and t h e  p r o p e l l e r s  and 
r o t o r s  i n  F igu re  6 ,  t h e  e f f e c t s  of  number of  bLades,  c o l l e c t i v e  
p i t c h ,  and t i p  speed  on  v o r t e x  s t a b i l i t y  were i n v e s t i g a t e d .  
The two- and four -b laded  p r o p e l l e r s  and r o t o r  shown were used 
t o  de te rmine  t h e  e f f e c t  produced by t h e  number of  b l a d e s .  Both 
p r o p e l l e r s  had a f i x e d - p i t c h  of  1 4  c m .  The two- and f o u r -  
bladed r o t o r s  had f i x e d - p i t c h  a n g l e s  of  8 and 1 2  d e g ,  r e s p e c -  
t i v e l y .  The t h r e e  f i x e d - p i t c h  fou r -b l aded  r o t o r s  w i t h  p i t c h  
angLes o f  4 ,  8 ,  and 12  deg were used t o  de te rmine  t h e  e f f e c t  
of  c o l l e c t i v e  p i t c h .  The e f f e c t  of t i p  speed w a s  i n v e s t i g a t e d  
w i t h  t h e  two-bladed r o t o r  a t  t i p  Mach numbers of 0.75, 0 .85,  
0.95, and 0.99.  

With t h e  e x c e p t i o n  of  t he  t i p  speed p o r t i o n  of t h e  i n -  
v e s t i g a t i o n ,  a l l  t h e  t e s t s  were conducted a t  1 2 , 0 0 0  rpm. This 
rpm cor responds  t o  a t i p  Mach number o f  0.60 f o r  t he  16 .5  c m  
r a d i u s  p r o p e l l e r s  and 0.74 f o r  t h e  20.3 c m  r a d i u s  r o t o r s .  The 
t i  Reynolds number f o r  t h e  p rope lLe r s  and r o t o r s  w a s  3.65 x 
LO 5 and 7.2 x L O 5 ,  r e s p e c t i v e l y .  

3 . 1  Flow V i s u a l i z a t i o n  Procedure 

The schLLieren system used i n  t h i s  i n v e s t i g a t i o n  produces 
a b l a c k  and w h i t e  image of t h e  r o t o r  wake t h a t  d e p i c t s  t h e  
d e n s i t y  g r a d i e n t  i n  t h e  d i r e c t i o n  p e r p e n d i c u l a r  t o  t h e  k n i f e  
edge. For comparat ive purposes  photographs were t aken  of  bo th  
t h e  v e r t i c a l  and ho r i zon ta l .  d e n s i t y  g r a d i e n t  i n  t h e  wake. A l l  
t h e  wake photographs p r e s e n t e d  i n  t h i s  r e p o r t  d e p i c t  t h e  v e r t i -  
c a l  d e n s i t y  g r a d i e n t  s i n c e  i t  produced t h e  b e s t  image of t h e  
wake. 

Except for t h e  s i n g l e - b l a d e d  wake a n a l y s i s  d i s c u s s e d  i n  
S e c t i o n  4.2.2,  no e x t e r n a l  h e a t  s o u r c e  w a s  used t o  a i d  t h e  
f l o w  v i s u a l i z a t i o n  o f  t h e  t i p  v o r t e x  throughout  t h i s  i n v e s t i -  
g a t i o n .  A t  t i p  Mach numbers g r e a t e r  than  0.40, t h e  d e n s i t y  
g r a d i e n t  th rough t h e  v o r t e x  c o r e  w a s  g r e a t  enough s o  t h a t  i t  
cou ld  e a s i l y  be v i s u a l i z e d  w i t h o u t  t h e  a i d  of  a n  e x t e r n a l  h e a t  
s o u r c e .  

The f o l l o w i n g  procedure w a s  used f o r  t a k i n g  P o l a r o i d  
photographs of t h e  wake. With t h e  r o t o r  a t  t h e  d e s i r e d  opera-  
t i n g  rpm, t h e  s e n s i t i v i t y  o f  t h e  s c h l i e r e n  system w a s  checked. 
If t h e  s c h l i e r e n  image w a s  e i t h e r  t oo  d a r k  o r  too  l i g h t ,  t h e  ’ 
c o r r e c t  c o n t r a s t  w a s  o b t a i n e d  by a d j u s t i n g  t h e  k n i f e  edge. 
The t i m e  d e l a y  c i r c u i t ,  which changed t h e  phasing between the  
f l a s h i n g  s t r o b o s c o p i c  L i g h t  sou rce  and t h e  r o t a t i n g  r o t o r ,  
w a s  then  a d j u s t e d  s o  t h a t  t h e  r o t o r  could  be observed  a t  t h e  
d e s i r e d  az imuth  w i t h  r e s p e c t  t o  t h e  f o c a l  p l a n e .  A photo- 
g raph  o f  the wake w a s  o b t a i n e d  by swi t ch ing  t h e  s t r o b e  l i g h t  
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t o  t h e  s i n g l e  f l a s h  mode, exposing t h e  P o l a r o i d  f i l m ,  and 
t r i g g e r i n g  a s i n g l e  f l a s h .  

3.2 Tes t  R e s u l t s  and Discuss ion  

3 .2 .1  Genera l  wake f e a t u r e s .  - S e v e r a l  s i g n i f i c a n t  observa-  
t i o n s  abou t  t h e  wake 's  d i s t o r t i o n ,  asymmetry, and s t a b i l i t y  
c a n  be made from t h e  s c h l i e r e n  photographs i n  F igu res  9 th rough  
1 2 .  Each p r o p e l l e r  and r o t o r  w a s  photographed a t  f o u r  d i f f e r -  
e n t  azimuths 90 deg a p a r t  t o  o b t a i n  a f r o n t ,  r e a r ,  r i g h t ,  and 
l e f t  view of  t h e  wake, I n  each  f i g u r e ,  t h e  f r o n t  view ( $  = 0 
deg)  i s  t h e  m i r r o r  image o f  the  back view ( $ =  1 8 0  deg)  and 
t h e  r i g h t  view ( J ,  = 90 d e g ) ,  t h e  m i r r o r  image of t h e  l e f t  view 
( $  = 270 deg) Photographing t h e  v a r i o u s  views a t  d i f f e r e n t  
i n s t a n t s  of time i n d i c a t e d  t h a t  t h e  l a r g e  s c a l e  v o r t e x  i n t e r -  
a c t i o n s  between a d j a c e n t  v o r t e x  f i l a m e n t s  from ne ighbor ing  
r o t o r  b l ades  d i d  no t  change w i t h  r e s p e c t  t o  t ime r e l a t i v e  t o  
a r e f e r e n c e  frame r o t a t i n g  w i t h  t h e  r o t o r .  I n  a d d i t i o n  t o  t h e  
l a r g e  s c a l e  i n t e r a c t i o n s ,  s m a l l  random s i n u s o i d a l  f l u c t u a t i o n s  
a r e  observed a long  t h e  v o r t e x  f i l a m e n t .  These s m a l l - s c a l e  u n -  
s t a b l e  i n t e r a c t i o n s  a r e  s imi la r  t o  t h o s e  t h a t  have been observed  
i n  f ixed-wing i n v e s t i g a t i o n s  (Refs .  1 th rough 3) e 

Both t h e  p r o p e l l e r s  and r o t o r s  g e n e r a t e d  asymmetr ica l  
r o t o r  wakes a t  hover due t o  the  p a i r i n g  of  a d j a c e n t  t i p  vor -  
t i c e s .  This  f i n d i n g  i s  i n  agreement w i t h  t h e  r e s u l t s  from a 
w a t e r  t u n n e l  i n v e s t i g a t i o n  where wake asymmetry w a s  always 
p r e s e n t  i n  t h e  lower p o r t i o n  of  t h e  wakes g e n e r a t e d  a t  hover .  
Wake asymmetry i s  e s p e c i a l l y  n o t i c e a b l e  f o r  t h e  h i g h l y  loaded  
p r o p e l l e r s  ( F i g u r e s  9 and 11) because o f  t h e i r  g r e a t e r  wake 
p i t c h .  Based on free-wake c a l c u l a t i o n s  f o r  a two-bladed r o t o r ,  
i t  w a s  a n t i c i p a t e d  t h a t  t h e  wakes would be symmetr ica l .  Fur- 
t h e r  i n v e s t i g a t i o n  showed t h a t  t h e  asymmetry r e s u l t e d  from 
s m a l l  d i f f e r e n c e s  i n  b l ade  l o a d i n g .  The blade w i t h  s l i g h t l y  
more load ing  i n  t h e  t i p  r e g i o n  impar t s  a g r e a t e r  impulse t o  
t h e  t i p  v o r t e x  p a s s i n g  undernea th  i t  which has been g e n e r a t e d  
by t h e  p reced ing  b l ade .  This r e s u l t s  i n  more p i t c h  i n  t h i s  
v o r t e x ' s  t r a j e c t o r y .  V e r i f i c a t i o n  o f  t h i s  i s  inc luded  i n  
S e c t i o n  V I .  This f i n d i n g  w a s  unexpected s i n c e  t h e  f i x e d - p i t c h  
p r o p e l l e r s  and r o t o r s  were a l l  a c c u r a t e l y  machined. The small 
d i f f e r e n c e  i n  b lade  l o a d i n g  t h a t  does e x i s t  would n e c e s s a r i l y  

' be a t t r i b u t e d  t o  manufac tur ing  t o l e r a n c e  o r  a s l i g h t  d i f f e r -  
ence i n  b lade  f l e x i b i l i t y .  Based on  t h i s  f i n d i n g ,  i t  appea r s  

~ t h a t  t h e  wake i s  v e r y  s e n s i t i v e  t o  small d i f f e r e n c e s  i n  t h e  
b lade- load  d i s t r i b u t i o n s ,  and t h a t  i t  would be d i f f i c u l t  t o  
ach ieve  wake symmetry. 

3.2.2 I n t e r a c t i o n  between two t i p  v o r t i c e s .  - I n  t h e  r e g i o n  
of maximum wake c o n t r a c t i o n ,  v o r t e x  i n t e r a c t i o n  causes  t w o  
a d j a c e n t  v o r t i c e s ,  g e n e r a t e d  by ne ighbor ing  r o t o r  b l ades  t o  
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UNSTABLE VORTICES, 
UNDERGOING R A P I D  

F i g u r e  ??* 9, Photographs of the Two-Bladed P r o p e l l e r  Wake 
(Rotor  G r o u p  1) - R = 1 6 - 5  cm, b$ = 0,60, 
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F i g u r e  11. Photographs  of the Four-Sladed P r o p e l l e r  Wake 
(Ro to r  Group 1) - R = 16 ,5  c m ,  = 0.60. 
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begin r e v o l v i n g  a b o u t  t h e i r  common c e n t r o i d  o f  v o r t i c i t y .  
While t h i s  is o c c u r r i n g ,  t h e  two v o r t i c e s  draw c l o s e r  t o  each  
o t h e r ,  become u n s t a b l e ,  and e i t h e r  d e s t r o y  each  o t h e r  o r  com- 
b ine  t o  form one weak d i f f u s e d  v o r t e x .  This d e s t r u c t i v e  pro-  
c e s s  , r e s u l t i n g  from t h e  i n t e r a c t i o n  o f  two v o r t i c e s  , occur red  
f o r  b o t h  t h e  two- and  fou r -b l aded  p r o p e l l e r s  and r o t o r s .  

Reference  2 d e s c r i b e s  a s imilar  d e s t r u c t i v e  i n t e r a c t i o n  
between t h e  two t i p  v o r t i c e s  shed  from f ixed-wing a i r c r a f t  
where,  un l ike  t h e  r o t o r  wake, t h e  c i r c u l a t i o n  of t he  two vor-  
t i c e s  i s  o f  t h e  o p p o s i t e  s e n s e .  I n  a r e l a t e d  t h e o r e t i c a l  i n -  
ves t i g a t i o n  (Ref.  1 0 1 ,  Widnal l  d e s c r i b e s  v a r i o u s  modes of 
i n s t a b i l i t y  f o r  a h e l i c a l  v o r t e x  f i l a m e n t .  The m u t u a l  i n d u c t i o n  
mode of  i n s t a b i l i t y  - d e s c r i b e d  by Widnall  i s  comparable t o  t h e  
Large-sca le  i n t e r a c t i o n  between two t i p  v o r t i c e s  as d e s c r i b e d  
i n  t h i s  r e p o r t .  For a h e l i c a l  v o r t e x  t h i s  mode of i n s t a b i l i t y  
appea r s  as the  p i t c h  of t h e  h e l i x  d e c r e a s e s ,  and t h e  neighbor-  
i ng  t u r n s  of t h e  f i l a m e n t  begin  t o  i n t e r a c t  s t r o n g l y .  

The fo l lowing  s i m p l i f i e d  ana logy  from Reference  1 6  he lps  
e x p l a i n  how two a d j a c e n t  t i p  v o r t i c e s  r evo lve  about  t h e i r  
common c e n t r o i d  of v o r t i c i t y  d u r i n g  v o r t e x  i n t e r a c t i o n .  Con- 
s i d e r  two i n f i n i t e  Dara lLel  r e c t i l i n e a r  v o r t i c e s  o f  d i f f e r e n t  
s t r e n g t h s ,  
i n  F igure  13 .  

and r;, r o t a t i n g  i n  the  same d i r e c t i o n  as shown 

F igure  13. Two I n f i n i t e  R e c t i l i n e a r  V o r t i c e s .  

The d i s t a n c e  between the  two v o r t i c e s  i s  g iven  as a = a 1  + . a 2 .  
The induced v e l o c i t y  a t  t h e  c e n t e r  of v o r t e x  I'1 due t o  r2 is 
g iven  by 

S i m i l a r l y ,  t h e  induced v e l o c i t y  on  v o r t e x  r2 i s  due t o  
i s  g iven  by 

and 

- r1 
'2 - 2.rra- ( 2  1 
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Both of  t h e s e  v e l o c i t i e s  a r e  p e r p e n d i c u l a r  t o ,  a ,  and a r e  op- 
p o s i t e  t o  each  o t h e r .  By c o n s i d e r i n g  each  v o r t e x  t o  have a 
mass p r o p o r t i o n a l  t o  i t s  s t r e n g t h ,  a c e n t r o i d  of  v o r t i c i t y ,  c ,  
which l i e s  on t h e  l i n e  j o i n i n g  t h e  v o r t i c e s ,  can be de te rmined  
from t h e  r e l a t i o n  rla1 + r 2 a 2  = 0. Due t o  t h e i r  m u t u a l  i n f l u -  
ence t h e  t w o  v o r t i c e s  move a long  c i r cu la r  p a t h s  about  t h e i r  
common c e n t r o i d  of  v o r t i c i t y .  For t h e  s i m p l i f i e d  case  where 
I'1 = r 2 ,  t h e  c e n t r o i d  of v o r t i c i t y  would be halfway between 
t h e  two v o r t i c e s .  They would b o t h  r e v o l v e  about  t h i s  p o i n t  
on t h e  same c i r c u l a r  p a t h  w i t h  angu la r  s p e e d ,  

r 
2 o =  

rra 
( 3 )  

The i n t e r a c t i o n  between two t i p  v o r t i c e s  i s  a l s o  similar 
t o  t h e  m u t u a l  i n t e r a c t i o n  between two v o r t e x  r i n g s  moving 
a long  a common a x i s  of symmetry as d e s c r i b e d  i n  Reference  18.  
The rearward  r i n g  becomes s m a l l e r  and moves more q u i c k l y  wh i l e  
t he  forward one becomes l a r g e r  and moves s lowly .  The s m a l l e r  
one can then p a s s  through t h e  l a r g e r  one. Thei r  r o l e s  then 
become r e v e r s e d ,  and they  move back and f o r t h  through each  
o t h e r .  

3.2.3 E f f e c t s  o f  number o f  b l a d e s .  - An i n c r e a s e  i n  t h e  n u m -  
b e r  o f  b l ades  reduces  t h e  a x i a l  spac ing  between v o r t i c e s ,  i n -  
c r e a s e s  the a n g u l a r  r a t e  a t  which- they-revolve abou t  t h e i r  
c e n t r o i d  of  v o r t i c i t y ,  and  causes  them t o  become more u n s t a b l e  
and d i f f u s e  s o o n e r .  P r e v i o u s l y  i t  w a s  shown (Equat ion 3 )  t h a t  
t h e  a n g u l a r  r a t e  a t  which two i n f i n i t e  r e c t i l i n e a r  v o r t i c e s  
r e v o l v e  abou t  t h e i r  c e n t r o i d  of  v o r t i c i t y  i s  d i r e c t l y  propor-  
t i o n a l  t o  t h e  s t r e n g t h  of  t h e  v o r t i c e s  and i n v e r s e l y  propor-  
t i o n a l  t o  t h e  square  of  t h e i r  s e p a r a t i o n .  From t h i s  r e l a t i o n -  
s h i p  one can e a s i l y  s e e  t h a t  t he  a n g u l a r  r a t e  a t  which two t i p  
v o r t i c e s  r e v o l v e  about  t h e i r  c e n t r o i d  of  v o r t i c i t y  w i l l  i n -  
c r e a s e  w i t h  t h e  a d d i t i o n  o f  more b l a d e s .  

The t i p  v o r t e x  c o o r d i n a t e s  cor responding  t o  t h e  two- 
bladed p r o p e l l e r  wake (F igu re  1 4 )  c l e a r l y  i l l u s t r a t e  t h e  d e s -  
t r u c t i v e  i n t e r a c t i o n  between two v o r t i c e s .  The t i p  v o r t e x  
from blade N o .  2 ,  which is d e f l e c t e d  t h e  most du r ing  blade 
p a s s a g e ,  has more i n i t i a l  p i t c h  i n  i t s  t r a j e c t o r y  than  t h a t  
from blade No. 1. When i t  is  1 /2  of a r e v o l u t i o n  o l d  i t  passes  
r a d i a l l y  i n s i d e  the  t i p  v o r t e x  from blade N o .  1. By the  time 
it  i s  1-1/8 r e v o l u t i o n s  o l d ,  it i s  i n  t h e  same h o r i z o n t a l  p lane  
a s  t h e  t i p  v o r t e x  from blade  No. 1. Due t o  t h e  m u t u a l  i n t e r -  
a c t i o n  of t h e  two v o r t i c e s ,  t h e y  begin r e v o l v i n g  about  t h e i r  
common c e n t r o i d  of v o r t i c i t y  a t  abou t  one-ha l f  r e v o l u t i o n  p e r  
r o t o r  r e v o l u t i o n .  This con t inues  f o r  abou t  1 t o  1 -1 /2  r evo lu -  
t i o n s  of t h e  wake d u r i n g  which t ime t h e  v o r t i c e s  become u n -  
s t a b l e ,  and undergo r a p i d  d i f f u s i o n .  I n s t a b i l i t y  appea r s  as 
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s i n u s o i d a l  f l u c t u a t i o n s  of  the t i p  v o r t e x  t h a t  grow w i t h  t ime.  
A d e t a i l e d  d i s c u s s i o n  of  t h i s  short-wave i n s t a b i l i t y ,  which i s  
c h a r a c t e r i s t i c  of  a l l  curved v o r t e x  f i l a m e n t s ,  can be found i n  
Reference  1 7 .  A s  t h e s e  f l u c t u a t i o n s  grow t h e  v o r t i c e s  draw 
c l o s e  t o g e t h e r  and a p p e a r  t o  touch  each  o t h e r .  Once t h e y  
touch  t h e r e  i s  r a p i d  d i f f u s i o n  o f  t he  v o r t i c i t y  i n  t h e  oppos- 
i n g  f low r e g i o n  between t h e  t w o  v o r t i c e s .  The v o r t i c e s  then 
a p p e a r  t o  breakup o r  combine t o  form one weak d i f f u s e d  v o r t e x .  
Whatever remains  of t h e  v o r t i c e s  d i s s i p a t e s  f u r t h e r  downstream. 
A s  s een  i n  F igu re  9 t h e  v o r t i c e s  canno t  be observed a f t e r  t h e  
wake i s  2-1/2 t o  3 r e v o l u t i o n s  o l d .  

For the two-bladed r o t o r  i n  F i g u r e  1 0  v o r t e x  i n t e r a c t i o n  
i s  s imi l a r  t o  t h a t  o f  t he  p r o p e l l e r .  The most n o t i c e a b l e  
d i f f e r e n c e  i s  t h a t  t h e  r o t o r ' s  v o r t i c e s  d i f f u s e  abou t  h a l f  a 
r e v o l u t i o n  e a r l i e r .  This can probably  be a t t r i b u t e d  t o  a more 
i n t e n s e  i n t e r a c t i o n  be tween a d j a c e n t  r e v o l u t i o n s  o f  t h e  wake 
because of t h e  c l o s e r  s p a c i n g  of  v o r t i c e s .  

For t h e  fou r -b l aded  p r o p e l l e r  and r o t o r  shown i n  F igu res  
11 and 1 2 ,  t h e  wake i s  more d i f f i c u l t  t o  ana lyze  than  f o r  t h e  
two-bladed c a s e .  The t i p  v o r t i c e s ,  which a r e  much c l o s e r  
t o g e t h e r  because of  t he  dec reased  az imuth  between b l a d e s ,  i n -  
t e r a c t ,  become u n s t a b l e ,  and d i f f u s e  soone r .  P r e v i o u s l y ,  it 
w a s  observed t h a t  t h e  v o r t i c e s  f o r  t h e  two-bladed c a s e  d i s s i -  
pa t ed  t o g e t h e r  a t  t h e  same a x i a l  d i s t a n c e  below t h e  r o t o r .  
For t h e  fou r -b l aded  c a s e ,  two of the  f o u r  v o r t i c e s  d i s s i p a t e  
t o g e t h e r  a b o u t  1-1/2 wake r e v o l u t i o n s  (based on t h e  o l d e r  of  
t h e  two v o r t i c e s )  below t h e  r o t o r  wh i l e  t he  o t h e r  two d i s s i -  
p a t e  f u r t h e r  downstream. This i s  e a s i l y  seen  i n  F igu re  1 5  
where t h e  four -b laded  p r o p e l l e r ' s  t i p  v o r t e x  c o o r d i n a t e s  a r e  
p l o t t e d .  The t i p  v o r t e x  from blade  N o .  2 has  t h e  g r e a t e s t  
impulse impar ted  t o  i t  dur ing  b lade  passage .  When i t  i s  1 /4  
o f  a r e v o l u t i o n  o l d  i t  passes  r a d i a l l y  i n s i d e  t h e  t i p  v o r t e x  
from blade  N o .  1. By the  t ime i t  i s  5/8 of a r e v o l u t i o n  o l d  
i t  has moved down t o  t h e  same ax ia l  p o s i t i o n  as t h e  t i p  vor -  
t e x  from b lade  N o .  E .  The two v o r t i c e s  begin r e v o l v i n g  around 
t h e i r  common c e n t r o i d  of  v o r t i c i t y  a b o u t  once e v e r y  r o t o r  
r e v o l u t i o n  which i s  twice  t h e  r a t e  a s s o c i a t e d  w i t h  t h e  v o r t i c e s  
g e n e r a t e d  by t h e  two-bladed p r o p e l l e r .  From Equat ion 3 t h i s  
r a t e  i s  c a l c u l a t e d  t o  be f o u r  t imes t h a t  of t h e  two-bladed 
p r o p e l l e r  i f  one assumes t h e  s t r e n g t h  o f  the  t i p  v o r t e x  from 
t h e  two-bladed p r o p e l l e r  t o  be approximate ly  e q u a l  t o  t h a t  o f  
t h e  t i p  v o r t e x  from the  fou r -b l aded  p r o p e l l e r ,  and t h e  s p a c i n g  
between v o r t i c e s  f o r  t h e  two-bladed p r o p e l l e r  t o  be twice  t h a t  
of  t h e  fou r -b l aded  p r o p e l l e r .  Upon c l o s e  i n s p e c t i o n  of  t he  
p r o p e l l e r  wakes one can s e e  t h a t  i n  t h e  r e g i o n  o f  maximum wake 
c o n t r a c t i o n  t h e  s p a c i n g  between v o r t i c e s  f o r  t h e  two-bladed 
case  i s  o n l y  about  a t h i r d  g rea t e r  than  t h e  s p a c i n g  between 
v o r t i c e s  f o r  t h e  fou r -b l aded  c a s e .  U s i n g  t h i s  v a l u e  f o r  t h e  

24 



e m 
0 0 

e 

4 

2 3 p  ' B m N I a 2 3 0 0 3  ?VIXV 

25  



spac ing  between v o r t i c e s ,  Equat ion 3 p r e d i c t s  two v o r t i c e s  from 
t h e  fou r -b l aded  p r o p e l l e r  t o  r evo lve  abou t  t h e i r  c e n t r o i d  o f  
v o r t i c i t y  a t  o n l y  about  twice t h e  r a t e  of t he  two-bladed p ro -  
p e l l e r  which i s  i n  agreement w i t h  expe r imen ta l  r e s u l t s .  

It i s  i n t e r e s t i n g  t o  observe t h a t  t h e  v o r t i c e s  g e n e r a t e d  
by b lade  N o .  3 and blade N o .  4 a r e  unable t o  p a i r  up immediate- 
l y  as t h e y  p a s s  downstream. They e i t h e r  break  up independen t ly  
under t h e i r  own s e l f - i n d u c e d  e f f e c t s  and any o t h e r  d e s t a b i l i z -  
i ng  i n f l u e n c e  p r e s e n t ,  o r  p a i r  up and i n t e r a c t  w i t h  one a n o t h e r  
f u r t h e r  downstream. For t h e  r o t o r  wake (F igu re  12) t h e s e  two 
v o r t i c e s  p a i r  up downstream. This i s  more l i k e l y  t o  occur  f o r  
t he  r o t o r  than  f o r  t he  p r o p e l l e r  because of  t h e  c l o s e r  spac ing  
between v o r t i c e s .  I n  t h e  case  of t h e  p r o p e l l e r  (F igu re  11) 
b o t h  p o s s i b i l i t i e s  a r e  observed.  I n  the  photograph t aken  w i t h  
the  r o t o r  l o c a t e d  a t  IC, = 180 deg ,  t h e  v o r t i c e s  appea r  t o  d i f -  
f u s e  and breakup independen t ly ;  whereas ,  i n  t h a t  t aken  a t  
$ =  90 deg ,  t h e  v o r t i c e s  a r e  a b l e  t o  s t a y  i n t a c t  u n t i l  t h e y  
p a i r  up downstream. 

3 .2 .4  E f f e c t s  o f  c o l l e c t i v e  p i t c h ,  - S c h l i e r e n  photographs of  
t h e  wakes g e n e r a t e d  by t h e  four -b laded  r o t o r  a t  c o l l e c t i v e  
p i t c h  a n g l e s  o f  4 ,  8 ,  and 1 2  deg a r e  shown i n  F igure  16 .  From 
t h e  photographs one can s e e  t h a t  as t h e  c o l l e c t i v e  p i t c h  de-  
c r e a s e s  the  a x i a l  s p a c i n g  between v o r t i c e s  d e c r e a s e s  a l o n g  w i t h  
the  v o r t e x  s t r e n g t h ,  and the  t i p  v o r t i c e s  become i n c r e a s i n g l y  
u n s t a b l e  and d i f f u s e  more r a p i d l y .  This i s  e s p e c i a l l y  obvious 
a t  a c o l l e c t i v e  p i t c h  of 4 deg. %o mechanisms a r e  b e l i e v e d  
t o  be r e s p o n s i b l e  f o r  t h e  f a s t e r  d i f f u s i o n  of  t h e  t i p  v o r t e x  
w i t h  a r e d u c t i o n  i n  c o l l e c t i v e  p i t c h .  One i s  t h e  i n t e r a c t i o n  
between two t i p  v o r t i c e s  as d e s c r i b e d  i n  S e c t i o n  3 .2 .2 ,  which 
i n c r e a s e s  i n  i n t e n s i t y  w i t h  a r e d u c t i o n  i n  t he  ax ia l  s p a c i n g  
between v o r t i c e s .  The o t h e r  i s  a n  i n s t a b i l i t y  r e l a t e d  t o  t h e  
a x i a l  f low i n  t h e  v o r t e x  c o r e .  The e x i s t e n c e  o f  t h i s  i n s t a -  
b i l i t y  i s  p r i m a r i l y  based on the  expe r imen ta l  r e s u l t s  of  s e v e r -  
a l  f ixed-wing i n v e s t i g a t i o n s .  

Logan (Ref .  19) measured t h e  a x i a l  flow i n  t h e  v o r t e x  
g e n e r a t e d  by a o n e - t w e l f t h  s c a l e  semiwing u s i n g  a f i v e - h o l e d  
s t a t i c  p r e s s u r e  probe.  Over t h e  downstream i n t e r v a l  cons ide red  
(10 t o  26 chord l e n g t h s )  a n  a x i a l  v e l o c i t y  d e f i c i t  w a s  found 
t h a t  d iminished  w i t h  d i s t a n c e  f o r  weak v o r t i c e s  and remained 
e s s e n t i a l l y  unchanged f o r  s t r o n g  v o r t i c e s .  I n  a f u l l - s c a l e  
i n v e s t i g a t i o n ,  MacCready (Ref. 2 )  observed the  a x i a l  motion o f  
buoyant b a l l o o n s  i n  t h e  v o r t e x  co re  toward the  w i n g  a t  a v e l o -  
c i t y  e q u a l  t o  11 p e r c e n t  o f  t he  a i r c r a f t  speed .  C h i g i e r  and 
C o r s i g l i a  (Ref,  20) measured the  v e l o c i t y  components i n  t h e  
v o r t e x  c o r e  up t o  1 2  chord l e n g t h s  downstream f o r  two model 
w i n g s  (CV-990 w i n g  and  a r e c t a n g u l a r  w i n g )  u s i n g  a t h r e e - w i r e  
anemometer. For  t h e  CV-990 w i n g ,  a n  ax ia l  v e l o c i t y  d e f i c i t  
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F i g u r e  16,  Photographs  of the Wake Genera ted  by the Four- 
Bladed Rotor at Various Collective Pitch A n g l e s  
(Rotor  Group 1) - R = 20.3 c m ,  b$ = 0.74. 

2 7  



w a s  measured i n  t h e  co re  a t  a l l  a n g l e s  of a t t a c k .  For  t h e  
c l e a n e r  r e c t a n g u l a r  w i n g ,  t h e  a x i a l  v e l o c i t y  changed from a 
d e f i c i t  a t  low a n g l e s  o f  a t t a c k  t o  an excess  a t  a n g l e s  g r e a t e r  
than  9 deg. Boatwright  (Ref .  14) surveyed t h e  wake g e n e r a t e d  
by a f u l l - s c a l e  r o t o r  a t  two t h r u s t  c o e f f i c i e n t s  u s i n g  a 
s p l i t - f i l m  t o t a l  v e c t o r  anemometer. The a x i a l  v e l o c i t y  i n  
t h e  v o r t e x  c o r e  w a s  found t o  be toward t h e  blade and w a s  
g r e a t e r  a t  t h e  h i g h e r  o f  t h e  t w o  t h r u s t  c o e f f i c i e n t s  i n v e s t i -  
g a t e d .  He concluded t h a t  t h e  s t a b i l i t y  of t h e  v o r t e x  w a s  
s t r o n g l y  r e l a t e d  t o  t h e  a x i a l  f low i n  t h e  r eg ion  of  t h e  v o r t e x  
c o r e .  

Most of  t h e s e  i n v e s t i g a t i o n s  show t h e  ax ia l  v e l o c i t y  i n  
t h e  c o r e  t o  be toward t h e  l i f t i n g  s u r f a c e .  It i s  f e l t  t h a t  
a n  a x i a l  v e l o c i t y  d e f i c i t  has  a s t a b i l i z i n g  i n f l u e n c e  on t h e  
t i p  v o r t e x .  A t  low c o l l e c t i v e  p i t c h  a n g l e s ,  where t h e  a x i a l  
v e l o c i t y  d e f i c i t  i s  b e l i e v e d  t o  d i m i n i s h  q u i c k l y ,  v o r t e x  i n -  
s t a b i l i t y  i s  more prominant ,  and could  be more dominant t han  
t h a t  due t o  t h e  i n t e r a c t i o n  between two v o r t i c e s .  I n  R e f e r -  
ences  2 1  and 22 ,  White ,  Ba lce rak ,  and R i n h a r t  r e p o r t e d  on t h e  
v o r t e x  d i s s i p a t i o n  due t o  a x i a l  mass flow i n j e c t i o n  i n t o  a 
v o r t e x  c o r e .  For  h i g h  mass flow r a t e s ,  t h e y  found t h a t  v o r t e x  
d i s s i p a t i o n  w a s  g r e a t e r  t h a n  p r e d i c t e d  by t h e o r y  and proposed 
t h a t  t he  d i f f e r e n c e  might be due t o  a n  i n s t a b i l i t y  a s s o c i a t e d  
w i t h  t h e  a x i a l  v e l o c i t y  i n  t he  c o r e .  Mass i n j e c t i o n  i n t o  a 
v o r t e x  co re  w i t h  a n  a x i a l  v e l o c i t y  d e f i c i t  would tend t o  
e l i m i n a t e  t h e  d e f i c i t  and p o s s i b l y  t r i g g e r  v o r t e x  i n s t a b i l i t y  
a t  h igh  mass i n j e c t i o n  r a t e s .  I n  view of  t h e  u n c e r t a i n t y  r e -  
g a r d i n g  t h e  a x i a l  f l ow,  a d d i t i o n a l  r e s e a r c h  is n e c e s s a r y  t o  
f u r t h e r  q u a n t i f y  t h e  e f f e c t s  of c o l l e c t i v e  p i t c h  on the  a x i a l  
v e l o c i t y  i n  t he  v o r t e x  c o r e  and t h e  r e l a t e d  v o r t e x  s t a b i l i t y .  

3.2.5 E f f e c t s  of  t i p  speed .  - The s c h l i e r e n  photographs i n  
F igure  1 7  were taken  of t he  two-bladed 20.3 c m  r a d i u s  r o t o r  a t  
fo& d i f f e r e n t  t i p  speeds from 258 m/sec t o  344 m/sec. 
cor responds  t o  a t i p  Mach number of  0.75 t o  0.99 r e s p e c t i v e l y .  
I t  is  observed t h a t :  (1) t h e  g e n e r a l  t r a j e c t o r y  of  t h e  t i p  
v o r t e x  does n o t  change w i t h  t i p  s p e e d ,  and (2) v o r t e x  i n s t a -  
b i l i t y  ( i . e . ,  u n s t a b l e  s i n u s o i d a l  f l u c t u a t i o n s )  occur s  c l o s e  
t o  t h e  r o t o r  once a s t r o n g  shock wave forms on t h e  lower s u r -  
f ace  of t he  NACA 0012 a i r f o i l .  This i n s t a b i l i t y  w a s  o n l y  
observed a t  Mach numbers above MT = 0.75. The wake g e n e r a t e d  
a t  MT = 0.55 ( n o t  shown h e r e )  looks a lmos t  i d e n t i c a l  t o  t h a t  
a t  MT = 0.75. A s  the shock wave i n c r e a s e s  i n  i n t e n s i t y  w i t h  
t i p  Mach number i t s  a b i l i t y  t o  induce i n s t a b i l i t y  i n c r e a s e s .  
L a t e r  i t  w i l l  be seen  t h a t  t h i s  t r e n d  i s  no t  d i s c e r n a b l e  f o r  
the  Wortmann FX69-H-098 a i r f o i l  which develops  a weak shock on 
i t s  lower s u r f a c e .  

This 
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Shock f o r m a t i o n ,  both above and below t h e  b l ade  t i p ,  be- 
comes q u i t e  predominant as t h e  t i p  speed i n c r e a s e s .  
0.99 t h e  s t r o n g  shock format ion  produces s e p a r a t i o n  which i n -  
t e r f e r e s  w i t h  t h e  format ion  of t he  t i p  v o r t e x .  The f low 
behind t h e  shock i s  v e r y  t u r b u l e n t  and t h e  wake t h a t  deve lops  
from it  d i s s i p a t e s  r a p i d l y .  

A t  MT = 
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I V .  EXPERIMENTAL TIP SHAPE INVESTIGATION 

A swept and double-swept t i p  shown i n  F igure  8 were 
chosen f o r  comparison w i t h  t h e  s q u a r e  t i p ,  p r i m a r i l y  because 
t h e  r e s u l t s  cou ld  then be c o r r e l a t e d  w i t h  f u l l - s c a l e  e x p e r i -  
menta l  d a t a  (Ref s .  12  and 13 )  which were a v a i l a b l e  f o r  t h e s e  
t i p  shapes .  The t h r e e  t i p  shapes  were ana lyzed  by measuring 
t h e i r  per formance ,  photographing t h e i r  wakes , and measuring 
t h e  v e l o c i t y  d i s t r i b u t i o n  i n  t h e i r  t i p  v o r t e x .  Performance 
w a s  measured a t  t i p  speeds  of  1 0 6 ,  1 2 9 ,  and 152 m/sec. A t  
L52 m/sec s c h l i e r e n  photographs were t aken  of  t he  wakes gen- 
e r a t e d  by the  t h r e e  t i p  shapes  f o r  c o l l e c t i v e  p i t c h  a n g l e s  of  
8 ,  1 0 ,  1 2 ,  and 14 deg. These photographs were used t o  h e l p  
v e r i f y  the  measured performance t r e n d s .  Measurements of t he  
v e l o c i t y  d i s t r i b u t i o n  i n  t h e  t i p  v o r t e x  gene ra t ed  by t h e  t i p s  
were taken w i t h  the  s t a t i o n a r y ,  ho t -wi re  probe over  t h e  i n t e r -  
v a l  from ~v = 45 deg t o  ~w = 450 deg .  This w a s  done a t  a c o l -  
l e c t i v e  p i t c h  o f  1 2  deg and a t i p  speed of  152 m/sec. 

For  t he  72.4 cm r a d i u s ,  s i n g l e - b l a d e d  r o t o r  ho t -wire  
measurements i n  t h e  v o r t e x  c o r e  were taken  w i t h  t h e  r o t a t i n g  
probe a t  c o l l e c t i v e  p i t c h  a n g l e s  o f  4 ,  6 ,  8 ,  and 10 deg f o r  
a t i p  speed  of 30.4 m/sec. 

4 . 1  Tes t ing  Procedures  

4.1.1 Performance measurements. - P r i o r  t o  a performance r u n ,  
t h e  d e s i r e d  c o l l e c t i v e  p i t c h  ang le  w a s  s e t  f o r  e a c h  b lade  by 
measuring o f f  t h e  f l a t - s u r f a c e d  b lade  g r i p  w i t h  a c l i n o m e t e r .  
This w a s  done w i t h  each  b l ade  p o s i t i o n e d  a t  the  same azimuth 
l o c a t i o n .  U s i n g  t h i s  method, c o l l e c t i v e  p i t c h  a n g l e s  could  
be s e t  t o  a n  a c c u r a c y  of kO.2 deg. 

Before t a k i n g  a performance measurement, i t  w a s  necessa ry  
t o  r u n  t h e  r o t o r  up  t o  t h e  d e s i r e d  rpm and back t o  z e r o  t o  
e l i m i n a t e  b a l l - b e a r i n g  h y s t e r e s i s .  Once t h e  h y s t e r e s i s  w a s  
e l i m i n a t e d ,  t h e  b r idge  o u t p u t s  f o r  t h r u s t  and to rque  measure- 
ments were zeroed  w i t h  t h e  r o t o r  a t  r e s t .  The r o t o r  w a s  then 
r u n  up t o  t h e  d e s i r e d  t e s t  rpm.  A f t e r  t h e  in f low through t h e  
r o t o r  s t a b i l i z e d ,  t h r u s t  and to rque  d a t a  were r eco rded .  The 
r o t o r  w a s  t hen  brought  back t o  r e s t ,  and t h e  b r idge  o u t p u t s  
were checked f o r  z e r o  s h i f t s .  Ambient tempera ture  and p r e s -  
s u r e  were r eco rded  d u r i n g  t h e  t e s t .  

Thrus t  and to rque  c a l i b r a t i o n  r e a d i n g s  were r eco rded  
a f t e r  each  t e s t  p o i n t .  The t h r u s t  l oad  c e l l  w a s  c a l i b r a t e d  
by s e t t i n g  we igh t s  on t h e  r o t o r  s h a f t .  The to rque  c e l l  w a s  
c a l i b r a t e d  by app ly ing  a known f o r c e  t o  a known moment arm. 
The a c c u r a c y  of t h e  t h r u s t  and torque  measurements w a s  con- 
s i d e r e d  t o  be w i t h i n  -12 p e r c e n t .  
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4.1.2 Hot-wire anemometer measurements. - %o ho t -wi re  anemo- 
meter  methods were u t i l i z e d  f o r  measuring v e l o c i t i e s  i n  t h e  
wake. One of t h e s e  methods used a s t a t i l o n a r y  hot -wire  probe 
t o  r e c o r d  p e r i o d i c  v e l o c i t i e s  a t  a f i x e d  p o i n t  i n  space wh i l e  
the  o t h e r  u t i l i z e d  a probe t h a t  r o t a t e d  w i t h  t h e  b lade  t o  
r e c o r d  s t e a d y  v e l o c i t i e s  a t  a f i x e d  p o s i t i o n  r e l a t i v e  t o  t h e  
r o t a t i n g  b l ade .  

S t a t i o n a r y  hot -wire  probe : Figure  18 shows the  s t a t i o n -  
a r y  probe l o c a t e d  below t h e  b lade .  The ho t -wi re ,  which l i e s  
i n  a h o r i z o n t a l  p l a n e ,  i s  p a r a l l e l  t o  t h e  y - a x i s .  It i s  s e n -  
s i t i v e  t o  t h e  component o f  v e l o c i t y  normal t o  i t s  a x i s  and 
r e l a t i v e l y  i n s e n s i t i v e  t o  t h a t  component of  f low a long  i t s  a x i s  
which i s  assumed t o  be s m a l l .  P r i o r  t o  t a k i n g  v e l o c i t y  mea- 
surements  , t he  hot -wire  w a s  c a l i b r a t e d  a g a i n s t  a c i s t e r n - t y p e  
manometer from zero  t o  91  m/sec. The probe w a s  then p o s i t i o n e d  
a t  t h e  d e s i r e d  a x i a l  p o s i t i o n  below t h e  r o t o r .  Once t h e  r o t o r  
w a s  a t  o p e r a t i n g  rpm t h e  r e l a t i o n s h i p  of t h e  hot-wire  t o  t h e  
t i p  v o r t e x  w a s  observed o n  the viewing s c r e e n  o f  t he  s c h l i e r e n  
sys tem.  The probe w a s  then  t r a v e r s e d  r a d i a l l y  t o  p o s i t i o n  t h e  
hot -wire  a l o n g  t h e  t r a j e c t o r y  of the  t i p  v o r t e x .  A s  t h e  t i p  
v o r t e x  passed ove r  t h e  hot-wire  twice each r e v o l u t i o n ,  t he  
v e l o c i t y  d i s t r i b u t i o n  i n  t h e  v o r t e x  co re  w a s  observed on a n  
o s c i l l o s c o p e  e 

R o t a t i n g  hot -wire  probe : Steady  v e l o c i t y  measurements 
were o b t a i n e d  w i t h  t h e  s e t u p  shown i n  F igure  1 9 .  Here t h e  
ho t -wi re ,  whose o r i e n t a t i o n  is  a l s o  p a r a l l e l  t o  t h e  y - a x i s ,  
r o t a t e s  w i t h  the  blade on a t e l e s c o p i n g  tube t h a t  can p o s i t i o n  
i t  r a d i a l l y .  With t h i s  a p p a r a t u s  t he  maximum c i r c u m f e r e n t i a L  
v e l o c i t y  i n  t h e  v o r t e x  co re  can be measured c l o s e  t o  t h e  b l ade  
when the  v o r t e x  i s  s t i l l  i n  t h e  pLane of  r o t a t i o n .  For t h i s  
r i g  the  hot -wire  w a s  c a l i b r a t e d  a g a i n s t  t h e  r o t o r ' s  t i p  speed  
u s i n g  t h e  fo l lowing  procedure .  The b lade  w a s  s e t  a t  ze ro  coL- 
l e c t i v e  p i t c h  s o  no flow would p a s s  th rough t h e  r o t o r ,  and t h e  
probe w a s  l o c a t e d  w e l l  above and a f t  of  the  b lade  a t  a r a d i a l  
p o s i t i o n  e q u a l  t o  t h a t  of t he  blade t i p .  The r o t o r  w a s  then 
ope ra t ed  a t  known v a l u e s  of t h e  t i p  s p e e d ;  and t h e  h o t - w i r e ,  
which w a s  a l i g n e d  r a d i a l l y  f o r  c a l i b r a t i o n  purposes  , r eco rded  
t h e  t i p  speed.  The probe w a s  then t u r n e d  90 deg s o  t h a t  t h e  
hot -wire  w a s  aLigned perpendicuLar  t o  t h e  t r a v e r s i n g  r o d .  
Now, a t  o p e r a t i o n a l  rpm (InR = 30.4 m/sec>,  the  onLy c o o l i n g  of  
t h e  w i r e  w a s  due t o  t h e  30.4 m/sec f low p a r a l l e l  t o  i t s  a x i s .  
ALthough t h e  w i r e  w a s  r e l a t i v e l y  i n s e n s i t i v e  t o  t h i s  component 
of  fLow, i t  w a s  l a r g e  i n  magnitude and thus  the  r e s u l t a n t  
c o o l i n g  had t o  be taken i n t o  accoun t .  This c o o l i n g ,  which w a s  
e q u i v a l e n t  t o  7 p e r c e n t  of t h e  t i p  s p e e d ,  had t o  be s u b t r a c t e d  
from the  measurements of t h e  v e l o c i t y  i n  t h e  t i p  v o r t e x .  
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F i g u r e  18. S t a t i o n a r y  Hot-wire  Probe. 
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Figure 19. Rotating Hot-wire Probe. 
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The fo l lowing  procedure w a s  used f o r  p o s i t i o n i n g  the  h o t -  
w i re  i n  t he  v o r t e x  a f t e r  t he  d e s i r e d  c o l l e c t i v e  p i t c h  w a s  s e t  
w i t h  a c l i n o m e t e r .  With the  r o t o r  a t  o p e r a t i n g  rpm t h e  ho t -  
w i r e  probe w a s  t r a v e r s e d  r a d i a l l y  u n t i l  it i n t e r s e c t e d  the  
v e r t i c a l  c e n t e r l i n e  of t h e  v o r t e x .  This could  be observed 
w i t h  the  s c h l i e r e n  sys tem.  To a i d  t h e  flow v i s u a l i z a t i o n  i t  
w a s  necessa ry  t o  p l ace  a h e a t i n g  e lement  c l o s e  t o  t h e  b lade  
t i p .  Once t h e  probe w a s  l o c a t e d  a long  t h e  v e r t i c a l  c e n t e r l i n e  
of  t he  v o r t e x  the  r o t o r  w a s  s topped  t o  manually change the  
v e r t i c a l  p o s i t i o n  o f  t h e  ho t -wi re .  The hot -wire  w a s  moved 
e i t h e r  up o r  down t o  p o s i t i o n  i t  i n  t h e  c e n t e r  of  t h e  co re .  
When t h e  ho t -wi re  w a s  c o r r e c t l y  p o s i t i o n e d ,  t he  h e a t i n g  e l e -  
ment w a s  removed t o  e l i m i n a t e  any  v e l o c i t y  measurement e r r o r  
t h a t  might be in t roduced  by i t s  p resence .  

4 .2  Tes t  R e s u l t s  and Di scuss ion  

4 . 2 . 1  Performance measurements. - Performance c h a r a c t e r i s t i c s  
f o r  t h e  t h r e e  t i p  shapes  a r e  shown i n  F igure  20 for t i p  speeds 
of  1 0 6 ,  129 ,  and 152 m/sec, It  i s  observed t h a t  t h e  swept t i p  
shows a t  l e a s t  a 3 p e r c e n t  performance improvement o v e r  t h e  
squa re  t i p  a t  medium t h r u s t  c o e f f i c i e n t s ,  For a hover ing  
h e l i c o p t e r  t h i s  i s  e q u i v a l e n t  t o  a 1 2  p e r c e n t  i n c r e a s e  i n  pay- 
l o a d .  The double-swept t i p  shows a small #improvement of about  
1 p e r c e n t  ove r  t he  squa re  t i p  a t  1 2 9  and 152  m/sec f o r  lower 
t h r u s t  c o e f f i c i e n t s .  A t  v e r y  h i g h  t h r u s t  c o e f f i c i e n t s  t he  
squa re  t i p ’ s  performance i s  s u p e r i o r  t o  bo th  t h e  swept and 
double-swept t i p .  This is because t h e  t i p  v o r t e x  g e n e r a t e d  
by t h e s e  two t i p s  breaks  down a t  h i g h  a n g l e s  of a t t a c k .  For 
t h e  swept t i p ,  v o r t e x  breakdown occur s  a t  a c o l l e c t i v e  p i t c h  
s e t t i n g  of  1 2  deg as seen  i n  t h e  sequence of  s c h l i e r e n  photo- 
g raphs  i n  F igu re  2 1 .  For p i t c h  a n g l e s  l e s s  than  10 d e g ,  t h e r e  
appea r s  t o  be a f a i r l y  l a m i n a r ,  c o n c e n t r a t e d  v o r t e x  c o r e .  A t  
1 2  deg v o r t e x  breakdown i s  v i s i b l e .  It appea r s  as a sudden 
d ivergence  i n  t h e  s i z e  of  the  v o r t e x  c o r e ,  and a r e d u c t i o n  i n  
t h e  m a x i m u m  induced c i r c u m f e r e n t i a l  v e l o c i t y .  This a g r e e s  w i t h  
d a t a  from a wind- tunnel  t i p  shape s t u d y  conducted by McCormick, 
e t . a l . ,  (Ref e 11) For a 60 deg swept t i p ,  t h e y  a l s o  found 
t h a t  t h e r e  w a s  a sudden d ive rgence  of  t h e  v o r t e x  c o r e  s i z e  and 
a r e d u c t i o n  o f  t h e  maximum c i r c u m f e r e n t i a l  v e l o c i t y  a t  a n  a n g l e  
of  a t t a c k  of approx ima te ly  12  deg .  Thei r  measurements were 
taken  w i t h  a v o r t e x  probe a t  a d i s t a n c e  four -chord  l e n g t h s  be- 
hind t h e  t r a i l i n g  edge. 

D u e  t o  t h e  v o r t e x  breakdown a l a r g e  p o r t i o n  of t h e  v o r t e x -  
induced l i f t  i s  e l i m i n a t e d ,  and t h e  performance of t h e  swept 
t i p  d e t e r i o r a t e s  below t h a t  of  t h e  s q u a r e  t i p ,  Vortex-induced 
l i f t  i s  a d d i t i o n a l  l i f t  produced near  t h e  blade t i p  by t h e  
s t r o n g  t i p  v o r t e x  being shed .  Most of  t h i s  l i f t  occu r s  i n  t h e  
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F i g u r e  21,  Photographs of t h e  Wake Generated by t h e T e 3  
T i p  a t  Various C o l l e c t i v e  P i t c h  A n g l e s  (Rotor  
Group 2 )  - R = 3 5 - 0  c m 9 f l R  = 152 m/sec, 
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v i c i n i t y  of t he  t r a i l i n g  edge.  I t s  pe rcen tage  o f  t h e  t o t a l  
l i f t  i n c r e a s e s  w i t h  ang le  of  a t t a c k .  Because o f  t h e  v o r t e x -  
induced L i f t  any t i p  shape m o d i f i c a t i o n  t h a t  causes  v o r t e x  
breakdown a t  t h e  t i p  w i l l  a l s o  a d v e r s e l y  a f f e c t  t h e  r o t o r  
performance a t  h igh  Vhrust coef f  i c i e n t s .  

I n  Reference  23,  Wentz and Kohlman g i v e  a d e t a i l e d  ex-  
p l a n a t i o n  o f  v o r t e x  breakdown f o r  d e l t a  w i n g s .  They p r e s e n t  
v o r t e x  breakdown p o s i t i o n s  as a f u n c t i o n  of  ang le  of a t t a c k  
and sweep a n g l e .  The a n g l e  of a t t a c k  where breakdown occur s  
i n c r e a s e s  w i t h  i n c r e a s i n g  sweep f o r  sweep a n g l e s  Less than 
75 deg .  For a n g l e s  g r e a t e r  than 75 deg ,  breakdown occur s  a t  
a c o n s t a n t  a n g l e  of a t t a c k ,  independent  of  sweep. The i r  d a t a  
p r e d i c t  v o r t e x  breakdown t o  occur  a t  a n  ang le  o f  a t t a c k  of 1 2  
deg f o r  t h e  sweep a n g l e  o f  58 deg on t h e  swept and double-  
swept t i p .  

For t h e  double-swept t i p ,  v o r t e x  breakdown o c c u r s  a t  a 
lower c o l l e c t i v e  p i t c h  than  f o r  t h e  swept t i p .  This  a g r e e s  
w i t h  the  e a r l i e r  d e t e r i o r a t i o n  i n  performance f o r  t h i s  t i p .  
A s  seen  i n  F igu re  2 2 ,  a t  a p i t c h  o f  8 deg t h e r e  i s  a concen- 
t r a t e d  v o r t e x  c o r e .  A t  LO deg v o r t e x  breakdown i s  observed.  
The occurrence  of  breakdown a t  a c o l l e c t i v e  p i t c h  2 deg lower  
than  f o r  t h e  swept t i p  i s  a t t r i b u t e d  t o  lower downwash i n  t h e  
t i p  r e g i o n  of  t he  double-swept t i p .  The lower downwash m a n i -  
f e s t s  i t s e l f  i n  reduced  p i t c h  o f  the  h e l i c a l  wake (compare 
F igures  2 1  and 22)  and r e s u l t s  i n  h i g h e r  a n g l e s  o f  a t t a c k  f o r  
a g iven  c o l l e c t i v e  p i t c h .  

N o  v o r t e x  breakdown occurs  f o r  t h e  squa re  t i p  as seen  i n  
F igu re  23. A c o n c e n t r a t e d  v o r t e x  i s  p r e s e n t  a t  a l l  t h e  c o l -  
l e c t i v e  p i t c h  ang le s  shown. The v o r t e x  s t r e n g t h  and r e s u l t i n g  
v o r t e x  induced l i f t  keep i n c r e a s i n g  i n  i n t e n s i t y  w i t h  a n  i n -  
c r e a s e  i n  c o l l e c t i v e  p i t c h .  The v o r t e x  c o r e  remains v e r y  con- 
c e n t r a t e d  u n t i l  b lade s t a l l  occurs  a t  a c o l l e c t i v e  p i t c h  of  
1 7  deg.  

P r e s e n t  hover performance programs do not  account  f o r  
v o r t e x  induced l i f t  i n  t h e  t i p  r e g i o n .  This  i s  mainly because 
a r o t o r  b lade  has a h igh  a s p e c t  r a t i o  and v o r t e x  induced L i f t  
i s  g e n e r a l l y  a s s o c i a t e d  w i t h  l o w  a s p e c t  r a t i o  w i n g s .  However, 
when one c o n s i d e r s  t h a t  a r o t o r  b l a d e ' s  l i f t  is c o n c e n t r a t e d  
i n  t h e  t i p  r e g i o n ,  i t  appears  r e a s o n a b l e  t h a t  v o r t e x  induced 
l i f t  can be q u i t e  s u b s t a n t i a l .  Because o f  t h i s  a d d i t i o n a l  
l i f t ,  measured hover performance a t  h i g h  t h r u s t  c o e f f i c i e n t s  
would most l i k e l y  be g r e a t e r  than t h a t  c a l c u l a t e d  u s i n g  two- 
d imens iona l  a i r f o i l  t heo ry .  

Based on t h e  performance r e s u l t s  i t  i s  seen  t h a t  t h e  
swept t i p  o f f e r s  a performance improvement ove r  t he  s q u a r e  t i p  
a t  low t o  medium d i s k  l o a d i n g s .  A t  h igh  d i s k  l o a d i n g s ,  low 
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Swept T i p  a t  Various C o l l e c t i v e  P i tGh A n g l e s  
(Rotor  Group 2 )  - R = 35,O c m ,  Q R  = 152 m/sec, 

41 



F i g u r e  23 ,  Photographs of t h e  Wake Generated by t h e  Square 
T i p  a t  Var ious  C o l l e c t i v e  P i t c h  A n g l e s  (Rotor  
Group 2 )  - R = 35.0  c m ,  cCER = 152 rn/sec, 
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sweep a n g l e s - - l e s s  than abou t  70 deg--appear  u n d e s i r a b l e  s i n c e  
t h e y  l e a d  t o  e a r l y  v o r t e x  breakdown which i s  d e t r i m e n t a l  t o  
performance e These r e s u l t s  a p p e a r  t o  be e s p e c i a l l y  a p p l i c a b l e  
t o  t a i l  r o t o r s  which o p e r a t e  a t  v e r y  h i g h  t h r u s t  c o e f f i c i e n t s  
d u r i n g  maximum yaw-rate t u r n s  i n  hover .  A m i n i m u m  amount of  
sweep (high-sweep a n g l e )  would most l i k e l y  o f f e r  some perform- 
ance improvement and s t i l l  not  produce v o r t e x  breakdown a t  
h igh  d i s k  l o a d i n g s .  

Although t h e  double-swept t i p  o n l y  provided a s m a l l  p e r -  
formance improvement over  t h e  squa re  t i p  a t  low d i s k  l o a d i n g s  
i n  hove r ,  du r ing  h i g h  speed forward f l i g h t  i t  p rov ides  com- 
p r e s s i b i l i t y  r e l i e f  ove r  a l a r g e r  p o r t i o n  of t h e  b lade  
than t h e  swept t i p .  A f u r t h e r  d i s c u s s i o n  of t h i s  i s  inc luded  
i n  Reference  1 2 .  

The performance r e s u l t s  for t he  t h r e e  t i p s  a r e  i n  g e n e r a l  
agreement w i t h  t h e  f u l l - s c a l e  r e s u l t s  o f  Reference  1 3 ,  where 
Spivey  concluded t h a t  t h e  swept  and double-swept t i p s  were 
b e t t e r  t h a n  t h e  s q u a r e  t i p  a t  low t i p  Mach numbers and l o w  mean 
l i f t  c o e f f i c i e n t s ,  and t h a t  t h e  square  t i p  w a s  b e t t e r  a t  h i g h  
mean l i f t  c o e f f i c i e n t s .  A t  h i g h  t i p  Mach numbers and h igh  mean 
l i f t  c o e f f i c i e n t s  he found the swept and double-swept t i p  t o  
be b e t t e r  than  t h e  squa re  t i p .  

One a s p e c t  of  the  swept and double-swept t i p  t h a t  w a s  no t  
d i s c u s s e d  i n  t h e  p rev ious  paragraphs  i s  t h e  c l i p p e d  r e g i o n  a t  
t h e  t r a i l i n g  edge as seen  i n  F igu re  7 .  One can s e e  t h a t  t h e  
edge of  t h e s e  t i p s  t e r m i n a t e s  p e r p e n d i c u l a r  t o  t h e  t r a i l i n g  
edge .  By c l i p p i n g  t h e  t i p ,  t h e  l o w  Reynolds number t r a i l i n g  
edge r e g i o n  is  e l i m i n a t e d .  This  r e g i o n  appeared t o  s t a l l  e a r l y ,  
t h u s  d i f f u s i n g  t h e  v o r t e x  and i n c r e a s i n g  the  d r a g .  

4 .2 .2  Hot-wire anemometer measurements. - The a n a l y s i s  o f  t h e  
hot-wire  t r a c e s  t h a t  were taken  w i t h  t h e  s t a t i o n a r y  and r o t a -  
t i n g  probe w a s  based on t h e  fo l lowing  assumpt ions :  

1. 

2 .  

3 .  

4. 

The v o r t e x  co re  w a s  assumed t o  be symmetr ica l  over  
t h e  i n t e r v a l  inves  t i g a t e d .  

The ho t -wi re  i s  assumed t o  be p a r a l l e l  t o  t h e  v o r t e x  
being measured; t h a t  i s ,  t h e  c u r v a t u r e  of t h e  v o r t e x  
i s  s m a l l  a long  t h e  l e n g t h  o f  t h e  w i r e .  

The c o o l i n g  produced by t h e  a x i a l  v e l o c i t y  i n  t h e  
v o r t e x  c o r e  i s  assumed t o  be s m a l l  s i n c e  t h e  w i r e  
i s  r e l a t i v e l y  i n s e n s i t i v e  t o  t h i s  component o f  f low.  

The s t a g n a t i o n  t empera tu re  change i n  t h e  v o r t e x  i s  
assumed t o  be s m a l l .  
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5.  The t r a n s l a t i o n a l  v e l o c i t y  o f  the  v o r t e x  a c r o s s  t h e  
s t a t i o n a r y  probe w a s  assumed t o  be c o n s t a n t  d u r i n g  
t h e  t ime r e q u i r e d  f o r  t h e  v o r t e x  t o  c r o s s  the  ho t -  
w i r e  - 

S t a t i o n a r y  ho t -wi re  probe:  The t r a j e c t o r y  of t h e  t i p  
v o r t e x  w a s  v e r y  r e p e a t a b l e  c l o s e  t o  t h e  r o t o r .  When the  h o t -  
w i re  w a s  p o s i t i o n e d  a long  t h e  t r a j e c t o r y  o f  t h e  v o r t e x  i n  t h i s  
r e g i o n - - a t  J/w = 45 deg as shown i n  F igure  24-- the c e n t e r  o f  
t he  v o r t e x  c o n s i s t e n t l y  i n t e r s e c t e d  t h e  wi re  twice  e v e r y  r evo-  
l u t i o n  of  t h e  r o t o r .  The r e p e a t a b i l i t y  of  t h e  v o r t e x  t r a -  
j e c t o r y  d e c r e a s e s  w i t h  downstream d i s t a n c e .  With the  ho t -wi re  
p o s i t i o n e d  i n  t h e  wake a t  +w = 420 deg ,  t he  v o r t e x  o n l y  i n t e r -  
s e c t s  t h e  hot -wire  i n t e r m i t t e n t l y .  Because of  t h i s ,  t h e  samp- 
l i n g  time r e q u i r e d  t o  o b t a i n  u s e f u l  d a t a  i n c r e a s e s .  

The v e c t o r  s u m  of t h e  maximum c i r c u m f e r e n t i a l  v e l o c i t y  i n  
t h e  v o r t e x  co re  and t h e  t r a n s l a t i o n a l  v e l o c i t y  o f  the  v o r t e x  
a r e  measured as the  v o r t e x  i n t e r s e c t s  t h e  wire  as seen  i n  
F igure  2 5 .  The hot -wire  s i g n a l  d i f f e r s  c o n s i d e r a b l y  depending 
on what p o r t i o n  of  t h e  co re  pas ses  ove r  t h e  w i r e .  I f  t he  i n -  
s i d e  p o r t i o n  o f  t he  co re  p a s s e s  over  t h e  wire  ( P o i n t  A ) ,  t h e  
w i r e  measures t h e  q u a n t i t y  V e  + V T i  whereas ,  i f  t h e  o u t s i d e  
edge of  t h e  co re  pas ses  o v e r  t h e  w i r e  ( P o i n t  B ) ,  the  q u a n t i t y  
V e  - V, i s  measured. The case  of  pr imary  concern i s  when t h e  
c e n t e r  of t h e  c o r e  i n t e r s e c t s  t h e  w i r e  ( P o i n t s  C and D ) .  When 
t h i s  occurs  t h e  q u a n t i t y  
and f a r  edge o f  t he  co re  i n t e r s e c t  t h e  w i r e .  

J V e 2  + V T 2  i s  measured as t h e  near  

A t y p i c a l  v e l o c i t y  d i s t r i b u t i o n  measured by t h e  ho t -wi re  
as t h e  c e n t e r  o f  t he  core  i n t e r s e c t s  t h e  w i r e  i s  shown i n  
F igure  2 6 .  The t r a c e  shown h e r e ,  which i s  r e p r e s e n t a t i v e  o f  
t hose  measured c l o s e  t o  t h e  b l a d e ,  moves from l e f t  t o  r i g h t .  
The hot -wire  f i r s t  s e n s e s  t h e  induced v e l o c i t y  from t h e  b l ade  
bound v o r t e x  as i t  passes  ove r  the  probe .  Then, as t h e  t i p  
v o r t e x  i n t e r s e c t s  t h e  w i r e ,  t w o  peaks appea r  which r e p r e s e n t  
t h e  edge of  t h e  co re  and cor respond t o  P o i n t s  C and D i n  F ig-  
ure  25. I n s i d e  t h e  v o r t e x  c o r e ,  t he  c i r c u m f e r e n t i a l  v e l o c i t y  
i n c r e a s e s  from z e r o  a t  t h e  c e n t e r  t o  a m a x i m u m  a t  t h e  c o r e ' s  
boundary. Outs ide  t h e  co re  t h e  c i r c u m f e r e n t i a l  v e l o c i t y  i s  
i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  r a d i a l  d i s t a n c e .  The maximum 
c i r c u m f e r e n t i a l  v e l o c i t y  i n  t h e  co re  i s  ob ta ined  by s u b t r a c t i n g  
t h e  t r a n s l a t i o n a l  v e l o c i t y  o f  t h e  v o r t e x  a c r o s s  t h e  w i r e  from 
the  peak v e l o c i t y  a t  t h e  edge of  t he  c o r e .  

Figure 27  shows t h e  v e l o c i t y  d i s t r i b u t i o n  measured f o r  
t h e  t h r e e  t i p  shapes a t  $ ~ r  = 45 deg f o r  a c o l l e c t i v e  p i t c h  o f  
1 2  deg .  It  i s  observed t h a t  t h e  m a x i m u m  c i r c u m f e r e n t i a l  v e l o -  
c i t y  i s  g r e a t e s t  f o r  t he  s q u a r e  t i p  and lowes t  f o r  t h e  double-  
swept t i p .  A t  a c o l l e c t i v e  p i t c h  of 1 2  deg ,  i t  i s  r e c a l l e d  

44 



45 



BLADE \ 
7 

EDGE OF VORTEX CORE 

ve+  

Figure 25. A n a l y s i s  of the V o r t e x  C o r e  
I n t e r s e c t i n g  the H o t - w i r e .  
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Figure 26. H o t - W i r e  A n e m o m e t e r  M e a s u r e m e n t  of V e l o c i t y  
I D i s t r i b u t i o n  through T i p  V o r t e x  
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SWEPT T I P ,  !!JW = 4 5 O  

F igu re  27. Hot-wire Anemometer Measurements of the V e l o c i t y  
D i s t r i b u t i o n  Through the T ip  Vortex,  
(Rotor  Group 2 )  Q R = 35,O em, e =  12O,RR = 3-52 m/sec, 
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t h a t  v o r t e x  breakdown w a s  p r e s e n t  f o r  bo th  the  swept and 
double-swept t i p ,  and t h a t  t h e  degree  o f  breakdown w a s  more 
s e v e r e  f o r  t he  L a t t e r .  This accoun t s  f o r  t he  lower maximurn 
c i r cumfe ren t i aL  veLoc i ty  i n  t h e  c o r e  of t h e  v o r t e x  g e n e r a t e d  
by t h e s e  two t i p s ,  From t h e  v e l o c i t y  t r a c e  i t  i s  a l s o  seen  
t h a t  t h e  more d i f f u s e d  v o r t e x  gene ra t ed  by the double-swept 
t i p  has  the  l a r g e s t  c o r e  s i z e .  

F igu re  28 shows t h e  v e l o c i t y  d i s t r i b u t i o n  measured f u r t h e r  
downstream f o r  t he  squa re  t i p  a t  $W = 420 deg f o r  t h e  swept 
t i p  a t  !bw = 270  deg. 
m i t t e n t l y  i n t e r s e c t s  t h e  h o t - w i r e ,  on ly  one v e l o c i t y  t r a c e  
through t h e  c e n t e r  o f  t h e  v o r t e x  co re  i s  p r e s e n t  f o r  t h e  s q u a r e  
t i p .  For t h e  younger v o r t e x  g e n e r a t e d  by the  swept  t i p ,  t h r e e  
i n t e r s e c t i o n s  of  t h e  v o r t e x  c o r e  a r e  observed .  It  i s  a l s o  
seen  t h a t  t h e  magnitude of t h e  maximum c i r c u m f e r e n t i a l  v e l o c i t y  
f o r  the  swept t i p  has  s i g n i f i c a n t L y  dec reased  r e L a t i v e  t o  t h e  
s q u a r e  t i p .  The c h a r a c t e r  of  t h e  t r a c e s  i s  s l i g h t l y  d i f f e r e n t  
from those  o b t a i n e d  c l o s e  t o  t h e  r o t o r ,  s i n c e  t h e  induced 
v e l o o i t y  from the  bound b lade  v o r t e x  i s  l e s s  s i g n i f i c a n t .  

I n  t h i s  r e g i o n ,  where t h e  v o r t e x  i n t e r -  

F igu re  2 9  shows the  maximum c i r c u m f e r e n t i a L  veLoc i ty  i n  
t h e  v o r t e x  c o r e  v e r s u s  v o r t e x  age f o r  t h e  squa re  and swept t i p .  
The d a t a ,  which were taken a t  i n t e r v a l s  cor responding  t o  about  
A$W = 50 deg ,  a l l  f e l l  w i t h i n  the  band shown. The magnitude 
of t h e  maximum c i r c u m f e r e n t i a L  veLoc i ty  v a r i e d  w i t h i n  t h i s  band 
wid th  due t o  a c e r t a i n  amount of  u n s t e a d i n e s s  i n  the  infLow 
through the  r o t o r .  For the  squa re  t i p  the r a t i o  o f  t h e  m a x i m u m  
c i r c u m f e r e n t i a l  v e l o c i t y  t o  t i p  speed of  38 p e r c e n t  a t  $w = 45 
deg a g r e e s  f a v o r a b l y  w i t h  t h a t  measured by Cook (Ref.  1 5 )  a t  
h i g h  d i s k  Loadings.  He r ecen tLy  conducted a s i m i L a r  i n v e s t i -  
g a t i o n  u s i n g  a f u l l - s c a l e  one-bladed r o t o r .  

On s e v e r a l  occas ions  i t  w a s  n o t i c e d  t h a t  when the  hot -wire  
probe w a s  t r a v e r s e d  radiaLLy t o  i n t e r s e c t  t h e  t i p  v o r t e x  t r a -  
j e c t o r y ,  t h e  t r a j e c t o r y  appeared t o  be pushed by t h e  probe. 
This o n l y  occur red  i n  the  Lower wake a f t e r  the t i p  v o r t e x  w a s  
a r e v o l u t i o n  o l d .  No n o t i c e a b l e  i n t e r f e r e n c e  from the  probe 
w a s  observed c l o s e  t o  the  r o t o r .  The image o f  the t i p  v o r t e x  
be fo re  and a f t e r  i n t e r s e c t i n g  t h e  probe appeared t o  be i d e n t i c a l .  

Some v e l o c i t y  measurements were a l s o  a t t empted  a t  Lower 
c o l l e c t i v e  p i t c h  a n g l e s .  A s  t he  p i t c h  a n g l e  w a s  dec reased  i t  
became fncreas ingLy d i f f i c u L t  t o  o b t a i n  v e l o c i t y  t r a c e s  through 
t h e  c e n t e r  of the  v o r t e x  c o r e .  This w a s  e s p e c i a l l y  n o t i c e a b l e  
a t  p i t c h  a n g l e s  l e s s  than  7 deg where h igh  v e l o c i t y  peaks 
cor responding  t o  t h e  edge of  t h e  c o r e  were u s u a l l y  r e c o r d e d .  
Cook (Ref .  15 )  a l s o  encountered  t h e  same d i f f i c u l t y  a t  low 
p i t c h  a n g l e s .  
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Figure 2 8 ,  Hot-wire Anemometer Measurements of the Velocity 
Di s t r ibu t ion  Through the Tip Vortex 
(Rotor Group 2 )  - R = 35,O cm, t9= l2',SZR = E52 m/sec, 
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Figure  29. Maximum C i r c u m f e r e n t i a l  Ve loc i ty  Versus Vortex Age 
(Rotor  Group 2 )  - R = 35 cm, 8 =  12O,QR = 1 5 2  m/sec, 
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R o t a t i n g  ho t -wi re  probe:  F igu re  30 shows t h e  hot -wire  
p o s i t i o n e d  i n  t h e  v o r t e x  a t  v a r i o u s  d i s t a n c e s  behind the  b l ade  
and t h e  cor responding  hot -wire  anemometer measurements. A 
w e l l - d e f i n e d  v o r t e x  e x i s t s  two-chord l e n g t h s  behind t h e  b l a d e .  
It i s  seen  t h a t  t h e  v e l o c i t y  measured by the  ho t -wi re  f l u c t u -  
a t e s  w i t h  t ime ove r  a wide i n t e r v a l .  

I d e a l l y ,  i f  the hot -wire  could  be p o s i t i o n e d  a l o n g  the  
edge of t h e  v o r t e x  c o r e ,  a s t e a d y  v e l o c i t y  would be r eco rded  
e q u a l  t o  t h e  m a x i m u m  c i r c u m f e r e n t i a l  v e l o c i t y .  I n  r e a l i t y ,  
t h e r e  i s  some motion of t h e  v o r t e x  r e l a t i v e  t o  t h e  hot -wire  
t h a t  i n c r e a s e s  w i t h  v o r t e x  a g e ,  This accoun t s  f o r  t h e  l a r g e  
f l u c t u a t i o n s  p r e s e n t  i n  t h e  v e l o c i t y  t r a c e .  When the  ho t -wi re  
i n t e r m i t t e n t l y  l i e s  a long  t h e  n a r r o w  edge o f  t h e  v o r t e x  c o r e ,  
peak v e l o c i t i e s  a r e  measured. The f requency  a t  which peak 
v a l u e s  occur  d e c r e a s e s  as t h e  probe is  p o s i t i o n e d  f u r t h e r  be- 
h ind  the  b l a d e .  When the  ho t -wi re  pas ses  i n t o  t h e  c e n t e r  of  
t he  c o r e ,  t h e  v e l o c i t y  approaches z e r o .  I n  o r d e r  t o  de te rmine  
the  magnitude o f  t he  maximum c i r c u m f e r e n t i a l  v e l o c i t y ,  t h e  peak 
v a l u e s  of t h e  v e l o c i t y  t r a c e  were reduced by 7 p e r c e n t  t o  ac- 
count  f o r  t he  coo l ing  produced by t h e  30.4 m/sec flow a long  
the  a x i s  o f  t h e  w i r e .  

V e l o c i t y  measurements i n  the  t i p  v o r t e x  a t  c o l l e c t i v e  
p i t c h  a n g l e s  of  4 ,  6 ,  8 ,  and 1 2  deg a r e  shown i n  F igu re  31. 
The maximum c i r c u m f e r e n t i a l  v e l o c i t y ,  which is  g iven  as a 
f r a c t i o n  o f  t h e  t i p  s p e e d ,  i n c r e a s e s  n e a r l y  l i n e a r l y  w i t h  
c o l l e c t i v e  p i t c h .  Over t h e  s h o r t  d i s t a n c e  measurements were 
t a k e n ,  t h e r e  appears  t o  be v e r y  l i t t l e  i f  any r e d u c t i o n  of 
the  maximum c i r c u m f e r e n t i a l  v e l o c i t y .  
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V. COMPRESSIBILITY AND NOISE INVESTIGATION 

The purpose of t h i s  i n v e s t i g a t i o n  w a s  t o  observe  t h e  shock 
wave produced by two d i f f e r e n t  a i r f o i l  p r o f i l e s  (NACA 0012 and 
a Wortmann FX69-H-098) and t h r e e  t i p  shapes  ( s q u a r e ,  swep t ,  
and double-swept)  a t  a t i p  Mach number of  0.95. The a c o u s t i c  
l e v e l s  produced by t h e  t h r e e  t i p  shapes  were measured and r e -  
corded f o r  t i p  Mach numbers of  0 .65,  0 .75,  0 .85,  and 0.95. 
Pa r t i cu la r  a t t e n t i o n  w a s  g i v e n  t o  t h e  r e l a t i o n s h i p  between the  
shock wave p ropaga t ing  r a d i a l l y  outward from t h e  t i p  and t h e  
r o t a t i o n a l  n o i s e .  The r o t o r s  used i n  t h i s  s e c t i o n  a r e  shown 
i n  Figure 8. 

5 . 1  Tes t ing  Procedure 

5 .1 .1  Flow v i s u a l i z a t i o n  o f  shock waves. - The s c h l i e r e n  s y s -  
tem w a s  employed t o  photograph t h e  p r o f i l e  and planform image 
of t h e  shock g e n e r a t e d  by t w o  squa re  t i p  r o t o r s - - o n e  w i t h  a n  
NACA 0012 a i r f o i l  p r o f i l e  and t h e  o t h e r  w i t h  a Wortmann FX69- 
H-098 a i r f o i l .  For the  t h r e e  t i p  shapes  o n l y  t h e  planform 
image w a s  photographed. 

Photographs of  t h e  p r o f i l e  image were taken w i t h  the  
d r i v e  motor i n  t he  u p r i g h t  p o s i t i o n ;  however, t o  photograph 
t h e  planform image t h e  d r i v e  motor had t o  be mounted ho r i zon-  
t a l l y .  Some d i f f i c u l t y  w a s  encountered  t a k i n g  photographs 
o f  t h e  wake w i t h  the  motor i n  t h e  h o r i z o n t a l  p o s i t i o n .  A t  
h i g h  t i p  Mach numbers t h e  r o t o r  wake would impinge upon one o f  
t h e  p a r a b o l i c  m i r r o r s .  This induced some v i b r a t i o n  i n  t he  
m i r r o r s ,  t hus  a l t e r i n g  the  s e n s i t i v i t y  o f  t h e  s c h l i e r e n  system 
and making i t  d i f f i c u l t  t o  o b t a i n  good photographs.  To a l l e -  
v i a t e  t h i s  problem, t h e  r o t o r ' s  a x i s  of  r o t a t i o n  w a s  s l a n t e d  
1 0  deg t o  t h e  c o l l i m a t e d  l i g h t  beam. 

5 - 1 . 2  Noise measurements. - The a c o u s t i c  l e v e l s  g e n e r a t e d  by 
t h e  s q u a r e ,  swept ,  and double-swept t i p s  were measured and 
r eco rded  w i t h  t h e  system d e s c r i b e d  i n  S e c t i o n  2.5.  To measure 
d i r e c t i v i t y ,  a c y l i n d r i c a l  g r i d  as shown i n  F igu re  32 w a s  e s -  
t a b l i s h e d  w i t h  i t s  o r i g i n  a t  t h e  r o t o r  hub. The g r i d  c o n s i s t e d  
of  t h r e e  e q u a l l y  spaced arcs i n  t h e  p l ane  o f  t he  r o t o r  s h a f t .  
The r a d i a l  d i s t a n c e s  of  t h e  a r c s  were 3- ,  4- ,  and 5 - r o t o r  d i a -  
meters  r e s p e c t i v e l y .  Each a r c ,  ex tending  from 60 deg below t h e  
r o t o r  p lane  t o  60 deg above ,  w a s  broken down i n t o  increments  
of  20 deg. This r e s u l t e d  i n  twenty-one g r i d  p o i n t s  a t  which 
n o i s e  measurements were taken  f o r  each  o f  t h e  f o u r  t i p  Mach 
numbers (0 .65 ,  0 .75,  0.85, 0 .95) .  

The r eco rded  ana log  d a t a  were d i g i t i z e d  and processed  
w i t h  a B e l l  H e l i c o p t e r  Company a c o u s t i c  a n a l y s e s  computer 
program. Employing a f a s t  F o u r i e r  t r a n s f o r m ,  t h e  program 
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Figure 32. Cylindrical Grid Used for 
Noise Measurements. 
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g e n e r a t e s  o c t a v e ,  t h i r d - o c t a v e ,  and a r b i t r a r y  n a r r o w  band 
d e s c r i p t i o n s  o f  t h e  a c o u s t i c  d a t a .  A l l  t h r e e  d e s c r i p t i o n s  
were u t i l i z e d  i n  t h e  no i se  i n v e s t i g a t i o n .  The n a r r o w  band 
d e s c r i p t i o n s  were computed f o r  a 10 Hz c o n s t a n t  band-width 
f i l t e r ;  examples of  which a r e  shown i n  F igure  33. 

5.2 Tes t  R e s u l t s  and Discuss ion  

5 .2 .1  Shock wave fo rma t ion .  - The shock wave produced by a 
r o t a t i n g  source  propagates  r a d i a l l y  outboard  a t  t h e  speed of 
sound. Because of t he  r o t a t i o n a l  motion of  t h e  s o u r c e ,  t he  
planform view o f  the  shock wave appea r s  as a n  Archimedes 
s p i r a l .  This phenomenon i s  analogous t o  t h a t  of  a f i r e w o r k s  
pinwheel .  F i g u r e  34 i l l u s t r a t e s  t h e  th ree -d imens iona l  n a t u r e  
of  t h e  shock wave g e n e r a t e d  by a r o t a t i n g  r o t o r  b l ade .  The 
shock format ion  a l o n g  t h e  upper and lower s u r f a c e  of  t h e  b lade  
i n  t h e  t i p  r e g i o n  would l o o k  l i k e  t h a t  shown i n  s e c t i o n a l  view 
A-A. The planform view i l l u s t r a t e s  how the  shock fo rma t ion  
s p i r a l s  r a d i a l l y  o u t  from t h e  t i p .  Although i t  i s  d i f f i c u l t  
t o  p r e d i c t  how t h e  shock above and below t h e  a i r f o i l  combine 
outboard  of t h e  t i p ,  i t  i s  be l i eved  t h a t  t h e  r e s u l t i n g  shock 
f r o n t  would resemble s e c t i o n a l  view B-B. The p o r t i o n  o f  t h e  
a r c  r e p r e s e n t i n g  the  shock f r o n t  ahead of t h e  p lane  of r o t a -  
t i o n  ( z - p o s i t i v e )  would most l i k e l y  be l a r g e r  than t h a t  behind 
the  p lane  of r o t a t i o n  s i n c e  the  shock on  t h e  upper s u r f a c e  of 
t he  a i r f o i l  i s  more i n t e n s e  than t h a t  on t h e  lower s u r f a c e .  
The m o s t  i n t e n s e  r eg ion  of  the s p i r a l  shock fo rma t ion - - in  and 
ahead of the  p l ane  of  r o t a t i o n - - c o r r e s p o n d  t o  where t h e  h i g h e r  
harmonic sound measurements recorded  by Hubbard and L a s s i t e r  
(Ref .  2 4 )  were t h e  s t r o n g e s t .  They r eco rded  the  sound gene r -  
a t e d  by a two-bladed p r o p e l l e r  a t  s u p e r s o n i c  t i p  speeds  and 
found t h a t  a l a r g e r  a m o u n t  of t h e  sound energy  appeared i n  the  
h i g h e r  o r d e r  harmonics as the  t i p  speed i n c r e a s e d  a n d  t h a t  
t h e s e  h i g h e r  o r d e r  f r e q u e n c i e s  were s t r o n g e s t  i n  and ahead of 
t h e  p lane  of  r o t a t i o n .  

I n  t h e  fo l lowing  s c h l i e r e n  photographs ,  one can s e e  t h a t  
bo th  t h e  t i p  planform and a i r f o i l  p r o f i l e  i n f l u e n c e  t h e  c h a r a c -  
t e r i s t i c s  of  t h e  s p i r a l  shock wave. F igu re  35 shows both  t h e  
p r o f i l e  and planform view of t h e  s p i r a l  shock wave produced by 
t h e  NACA 0012 and Wortmann FX69-H-098 a i r f o i l  p r o f i l e s .  The 
p r o f i l e  view o f  t he  wake g e n e r a t e d  by the  0012 a i r f o i l  shows a 
shock f r o n t  p r o j e c t i n g  v e r t i c a l l y  from bo th  t h e  upper and lower  
s u r f a c e  o f  t h e  a i r f o i l - - t h e  l a t t e r  being t h e  weaker.  I n  t h e  
p r o f i l e  v iew,  t h e  s o n i c  l i n e s  s p i r a l i n g  r a d i a l l y  outboard  from 
above and below the a i r f o i l  d i v i d e  t h e  d a r k  s u p e r s o n i c  r e g i o n  
i n  f r o n t  o f  t h e  shock from the  l i g h t  subson ic  r e g i o n  behind 
t h e  shock. For t h e  Wortmann FX69-H-098 a i r f o i l  a s t r o n g  shock  
i s  obser-\Ted o n l y  on t h e  upper s u r f a c e  of t h e  a i r f o i l  i n  t h e  
p r o f i l e  view. The one d i s t i n c t  s o n i c  l i n e  observed i n  t h e  
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planform view,  about  o n e - t h i r d  of a chord l e n g t h  behind t h e  
l e a d i n g  edge ,  would of  n e c e s s i t y  cor respond t o  t h e  s t r o n g  
shock p ropaga t ing  from t h e  upper s u r f a c e  o f  t h e  a i r f o i l .  

The p r o f i l e  view of  t h e  wake g e n e r a t e d  by t h e  0012 a i r -  
f o i l  shows the  t i p  v o r t e x  t o  be more u n s t a b l e  than  t h a t  pro-  
duced by t h e  Wortmann FX69-H-098 a i r f o i l .  This i n s t a b i l i t y  
i s  induced by t h e  shock p r o j e c t i n g  from t h e  lower s u r f a c e  of  
t h e  a i r f o i l .  The Wortmann FX69-H-098, which has  no o b s e r v a b l e  
shock on t h e  lower s u r f a c e  of  t h e  b lade  t o  induce v o r t e x  i n -  
s t a b i l i t y ,  g e n e r a t e s  a r e l a t i v e l y  s t a b l e ,  i n t e n s e  v o r t e x .  The 
h igh  c o n c e n t r a t i o n  of  t u r b u l e n c e  around t h e  r o t o r  hub i n  t h e  
i n p l a n e  views r e s u l t e d  from t h e  h e a t  d i s s i p a t e d  by t h e  d r i v e  
motor which w a s  o p e r a t i n g  a t  maximum o u t p u t .  

I n  F igure  36 t h e  s p i r a l  shocks g e n e r a t e d  by t h e  s q u a r e ,  
swep t ,  and double-swept t i p  a r e  shown f o r  a t i p  Mach number of 
0.95. It  i s  seen  t h a t  t h e  t i p  shape e x e r t s  a s t r o n g  i n f l u e n c e  
on t h e  fo rma t ion  and s t r e n g t h  of  t h e  r a d i a l  shock.  The squa re  
t i p  e x h i b i t s  t h e  s t r o n g e s t  shock p a t t e r n .  The narrow shock 
produced by t h e  double-swept t i p  w a s  c o n c e n t r a t e d  i n  t h e  
v i c i n i t y  of t h e  t r a i l i n g  edge. Although the  double-swept t i p  
produced t h e  weakes t  shock ,  it a l s o  produced t h e  l e a s t  amount 
of  t h r u s t - - a b o u t  60 p e r c e n t  of t h a t  produced by the  swept  t i p .  
The squa re  t i p ,  which had the  s t r o n g e s t  shock ,  produced abou t  
90 p e r c e n t  as much t h r u s t  as the  swept t i p .  

5.2.2 Noise measurements. - The r e s u l t s  of  t h e  d i r e c t i v i t y  
measurements provided  no c l e a r  d i s t i n c t i o n  between t h e  t h r e e  
t i p  shapes .  It is f e l t  t h a t  room a c o u s t i c s  e x e r t e d  a s t r o n g  
e f f e c t  on t h e  s p a t i a l  sound c h a r a c t e r i s t i c s  and muddled t h e  
d i r e c t i v i t y  p a t t e r n s  of  t h e  r o t o r s .  Data from t h e  g r i d  p o i n t  
l o c a t e d  i n  t h e  r o t o r  p l a n e ,  f i v e - r o t o r  d i a m e t e r s  (203 cm) 
from t h e  hub,  were used t o  r e p r e s e n t  t h e  s p e c t r a l  r e s u l t s .  

F igu re  37 p r e s e n t s  t h e  oc t ave  sound p r e s s u r e  l e v e l s  o f  
t h e  t h r e e  t i p  shapes  f o r  t h e  f o u r  t i p  Mach numbers. It is  
seen  t h a t  t h e  squa re  t i p ' s  sound p r e s s u r e  l e v e l s  a r e  abou t  
f i v e  d e c i b e l s  h i g h e r  i n  t h e  upper f r e q u e n c i e s  than  t h e  s i n g l e  
o r  double-swept t i p .  It i s  f e l t  t h a t  t h i s  r e s u l t s  from t h e  
s p i r a l  shock fo rma t ion  d i s c u s s e d  i n  t h e  p rev ious  s e c t i o n .  I n  
t h e  lower f r e q u e n c i e s  t h e r e  i s  some v a r i a t i o n  between the  t i p  
shapes  f o r  d i f f e r e n t  t i p  Mach numbers; b u t ,  i n  g e n e r a l ,  t h e  
square  t i p  produces h i g h e r  sound p r e s s u r e  l e v e l s  than e i t h e r  
t h e  swept o r  double-swept t i p s .  
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V I .  ANALYSIS O F  VORTEX STABILITY RESULTS 

6 . 1  Vor tex  S t a b i l i t y  Ana lys i s  

C r i m i ' s  free-wake a n a l y s i s  which i s  documented i n  R e f e r -  
ence 5 w a s  used t o  i n v e s t i g a t e  the  i n t e r a c t i o n  and s t a b i l i t y  
o f  a hovering r o t o r ' s  t i p  v o r t e x .  I n  C r i m i ' s  method, each  
b lade  i s  r e p r e s e n t e d  by a bound v o r t e x  f i l a m e n t .  The h e l i c a l  
t i p  v o r t e x  t r a i l i n g  from each  b lade  i s  r e p r e s e n t e d  by a f i n i t e  
number of  v o r t e x  f i l a m e n t s .  The motion o f  each  f i l a m e n t  i s  
induced by a l l  t h e  o t h e r  v o r t e x  f i l a m e n t s  and the  bound blade 
v o r t e x  f i l a m e n t s .  A s  v o r t e x  i n t e r a c t i o n  o c c u r s ,  t h e  h e l i c a l  
t i p  v o r t e x  becomes d i s t o r t e d .  The d i s t o r t i o n  p rocess  c o n t i n u e s  
u n t i l  t h e  geometry of  t h e  wake does not  change s i g n i f i c a n t l y  
from one i t e r a t i o n  t o  the  next .  With a two-bladed r o t o r ,  con- 
vergence can u s u a l l y  be ob ta ined  f o r  2-1/2 r e v o l u t i o n s  of  t h e  
wake. It  is  i n t e r e s t i n g  t o  note  t h a t  t h e  t i p  v o r t e x  f o r  t h e  
two-bladed r o t o r  could  o n l y  be observed  w i t h  t h e  s c h l i e r e n  
system f o r  abou t  2-1/2 r e v o l u t i o n s .  It  d i f f u s e d  r a p i d l y  a f t e r  
t h i s  p o i n t .  I n  C r i m i ' s  program, r e p r e s e n t a t i o n  o f  t he  inboard  
v o r t e x  s h e e t  and v i scous  d i s s i p a t i o n  of  t h e  t i p  v o r t e x  a r e  
n e g l e c t e d .  For  t h i s  a n a l y s i s ,  t h e i r  e f f e c t s  were not  con- 
s i d e r e d  t o  be o f  major  importance.  

The Eu le r  method of numerical  i n t e g r a t i o n  i s  used f o r  
computing t h e  d i s t o r t e d  wake geometry i n  C r i m i ' s  free-wake 
a n a l y s i s .  For b e t t e r  accuracy  the  second o r d e r  Runge K u t t a  
method of  numerical  i n t e g r a t i o n  w a s  used i n  t h i s  a n a l y s i s .  
The procedure invo lves  u s i n g  t h e  B io t -Sava r t  l a w  t o  c a l c u l a t e  
t h e  induced v e l o c i t i e s  a t  t he  end p o i n t s  o f  a l l  v o r t e x  f i l a -  
ments r e p r e s e n t i n g  the  wake. These v e l o c i t i e s  a r e  i n t e g r a t e d  
ove r  a small t ime increment  t o  o b t a i n  a new wake geometry.  
Another s e t  o f  induced v e l o c i t i e s  a r e  c a l c u l a t e d  f o r  t h e  new 
wake geometry. This s e t  i s  averaged w i t h  t h e  r e s p e c t i v e  p r e -  
ceding  v e l o c i t y  components, and then  i n t e g r a t e d  aga in  over  t h e  
t ime increment  t o  o b t a i n  a r e f i n e d  wake geometry.  

The wakes c a l c u l a t e d  f o r  comparison w i t h  expe r imen ta l  r e -  
s u l t s  c o n s i s t e d  o f  seven r e v o l u t i o n s  w i t h  twelve v o r t e x  f i l a -  
ments o r  time increments  p e r  r e v o l u t i o n .  To a s s u r e  adequate  
convergence ,  t h e  i t e r a t i o n  procedure w a s  con t inued  f o r  96 t ime 
increments .  P r o f i l e  drawings o f  t h e  c a l c u l a t e d  wakes were ob- 
t a i n e d  t o  q u a l i t a t i v e l y  compare w i t h  expe r imen ta l  r e s u l t s .  
Although t h e  c a l c u l a t e d  wakes c o n s i s t e d  o f  seven r e v o l u t i o n s ,  
o n l y  f o u r  were p l o t t e d .  The l a s t  t h r e e  r e v o l u t i o n s  were q u i t e  
e r r a t i c  and t h e i r  m a i n  purpose w a s  t o  h e l p  provide  b e t t e r  con- 
vergence f o r  t h e  upper p o r t i o n  o f  t h e  wake. 
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6.2  Vor t ex  S t a b i l i t y  R e s u l t s  and Di scuss ion  

Using t h e  E u l e r  method o f  numerical  i n t e g r a t i o n ,  t h e  t r a -  
j e c t o r y  of  t h e  t i p  v o r t e x  a f t e r  t h e  f i r s t  r e v o l u t i o n ,  d i d  no t  
c o r r e l a t e  w e l l  w i t h  expe r imen ta l  o b s e r v a t i o n s .  This  i s  a t t r i -  
buted t o  t h e  r a p i d  accumula t ion  of  e r r o r s  a s s o c i a t e d  w i t h  t h e  
Eu le r  method o f  i n t e g r a t i o n .  A more d e t a i l e d  e x p l a n a t i o n  of  
t h i s  i s  inc luded  i n  Reference  25 where s e v e r a l  v o r t e x  i n t e r -  
a c t i o n  problems a r e  ana lyzed  u s i n g  v a r i o u s  numerical  methods. 
With t h e  more a c c u r a t e  second o r d e r  Runge K u t t a  method of  i n -  
t e g r a t i o n ,  t h e  t r a j e c t o r y  of  t h e  t i p  v o r t e x ,  a f t e r  t h e  f i r s t  
r e v o l u t i o n ,  d i f f e r e d  s i g n i f i c a n t l y  from t h a t  c a l c u l a t e d  u s i n g  
t h e  Eu le r  method. The wake converged upon a t r a j e c t o r y  s imi l a r  
t o  t h a t  observed e x p e r i m e n t a l l y .  One p e c u l i a r i t y  a s s o c i a t e d  
w i t h  t h e  c a l c u l a t e d  t r a j e c t o r y  w a s  a one -pe r - r ev ,  combined 
a x i a l  and r a d i a l  o s c i l l a t i o n  o f  t he  t i p  v o r t e x  a f t e r  i t  w a s  
1-1/2 r e v o l u t i o n s  o l d .  This o s c i l l a t i o n ,  which w a s  supe r -  
imposed on t h e  i n t e r a c t i o n  of  t w o  v o r t i c e s  r e v o l v i n g  about  
t h e i r  common c e n t r o i d  of  v o r t i c i t y ,  w a s  n o t  observed e x p e r i -  
men ta l ly .  The cause of t h i s  d i s c r e p a n c y  i s  u n c e r t a i n .  A l -  
though t h e  p o s s i b i l i t y  e x i s t s  t h a t  i t  cou ld  be c h a r a c t e r i s t i c  
of  a symmetr ica l  wake, more l i k e l y  i t  r e s u l t s  from inadequa te  
r e p r e s e n t a t i o n  of t h e  f a r  wake o r  from numer ica l  i n t e g r a t i o n  
problems a r i s i n g  d u r i n g  the  c a l c u l a t i o n  o f  t h e  t i p  v o r t e x  t r a -  
j e c t o r y .  These numer ica l  problems become 'more a c u t e  as t h e  
number of b l ades  i n c r e a s e s  o r  t h e  c o l l e c t i v e  p i t c h  d e c r e a s e s .  
A d e t a i l e d  i n v e s t i g a t i o n  of t h i s  d i s c r e p a n c y  w a s  beyond t h e  
scope o f  t h i s  program. 

6 . 2 . 1  Wake asymmetry a n a l y s i s .  - The wake p r o f i l e  shown i n  
F igure  38 w a s  c a l c u l a t e d  f o r  a two-bladed UH-1B r o t o r .  It - 
i s  seen  t h a t ,  u n l i k e  t h e  expe r imen ta l  wakes,  t h e  wake i s  
p e r f e c t l y  symmetr ica l .  Vor tex  i n t e r a c t i o n  between a d j a c e n t  
r e v o l u t i o n s  of  t h e  t i p  v o r t e x  o c c u r s  on b o t h  s i d e s  o f  the  wake 
a t  t h e  same ax ia l  d i s t a n c e  below t h e  r o t o r .  The i n t e r a c t i o n  
d i f f e r s  c o n s i d e r a b l y  from t h e  e x p e r i m e n t a l  r e s u l t s  where t h e  
two v o r t i c e s  p a i r  up. Based on t h e  s c h l i e r e n  p i c t u r e s ,  wake 
asymmetry w a s  b e l i e v e d  t o  r e s u l t  from asymmetr ica l  r o t o r  l o a d -  
i n g .  To v e r i f y  t h i s ,  wake t r a j e c t o r i e s  were c a l c u l a t e d  f o r  a n  
a symmet r i ca l ly  l o a d e d  r o t o r .  This w a s  s imu la t ed  by making t h e  
bound v o r t e x  s t r e n g t h  of  one b l a d e ,  r 2 ,  1 0  p e r c e n t  g r e a t e r  than 
t h e  o t h e r .  The r e s u l t i n g  wake shown i n  Figure 38 now looks  
s imi la r  t o  t h a t  seen e x p e r i m e n t a l l y .  It i s  no l o n g e r  symmetri- 
c a l  and t h e  t r a j e c t o r y  o f  t h e  weaker t i p  v o r t e x ,  r1, i s  d i s -  
p laced  f u r t h e r  by t h e  fo l lowing  b l a d e ' s  s t r o n g e r  bound v o r t e x .  
The e x t r a  a x i a l  d i sp l acemen t  e n a b l e s  i t  t o  pass  i n s i d e  t h e  
o t h e r  t i p  v o r t e x  when i t  i s  a b o u t  one r e v o l u t i o n  o l d .  A f t e r  
t h i s  happens,  t h e  two v o r t i c e s  p a i r  up and r evo lve  a b o u t  t h e i r  
common c e n t r o i d  o f  v o r t i c i t y  as t h e y  p a s s  downstream. Toward 
t h e  bottom o f  t h e  wake, t h i s  becomes l e s s  obvious due t o  the  
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numer ica l  problems a s s o c i a t e d  w i t h  t h e  free-wake program. 
Large wake d i s t o r t i o n s  a r e  p r e s e n t  t h a t  most l i k e l y  r e s u l t  
i n  t i p  v o r t e x  breakup. 

6 . 2 . 2  Proposed mechanism f o r  i n i t i a t i n g  t h e  i n t e r a c t i o n  be- 
tween two t i p  v o r t i c e s .  - C r i m i ' s  free-wake program can l end  
some i n s i g h t  i n t o  t h e  v o r t e x  i n t e r a c t i o n  t h a t  o r i g i n a t e s  i n  
t h e  r e g i o n  of m a x i m u m  wake c o n t r a c t i o n  and t h e  v o r t e x  i n s t a -  
b i l i t y  t h a t  fo l lows .  With t h i s  program i t  can be shown t h a t  
two v o r t i c e s  p a i r  up and begin r e v o l v i n g  a b o u t  t h e i r  c e n t r o i d  
d u r i n g  t h e  t r a n s i t i o n  from c o n t r a c t i n g  t o  expanding r a d i a l  
f low.  A s  l ong  as t h e r e  is s t r o n g  r a d i a l  c o n t r a c t i o n ,  t h i s  
w i l l  no t  o c c u r .  

To i l l u s t r a t e  how the  t r a n s i t i o n  from wake c o n t r a c t i o n  t o  
expansion t a k e s  p l ace ,  t he  free-wake program w a s  used t o  c a l c u -  
l a t e  t h e  induced v e l o c i t y  components i n  c y l i n d r i c a l  c o o r d i n a t e s  
on a l l  t h e  wake p o i n t s  f o r  a two-bladed r o t o r .  Only f o u r  r evo-  
l u t i o n s  o f  t h e  wake were used i n  t h i s  a n a l y s i s  and t h e  i t e r a -  
t i o n  procedure  w a s  t e rmina ted  a f t e r  6 0  time inc remen t s .  The 
r e s u l t s  a r e  q u a l i t a t i v e l y  t h e  same i f  more r e v o l u t i o n s  o f  t h e  
wake a r e  cons ide red .  F igure  39 shows t h e  induced r a d i a l  
v e l o c i t i e s ,  V r ,  on t h e  wake p o i n t s  r e p r e s e n t i n g  t h e  h e l i c a l  
t i p  v o r t e x  from one b lade  be fo re  and a f t e r  wake d i s t o r t i o n  
occur s .  P r i o r  t o  wake d i s t o r t i o n ,  t h e  induced r a d i a l  f low is  
inboard  on t h e  upper h a l f  of t h e  h e l i x  and outboard  on the  
lower h a l f .  Any r e v o l u t i o n  of  t h e  h e l i x  w i l l  produce r a d i a l  
c o n t r a c t i o n  on t h a t  p o r t i o n  o f  t h e  h e l i x  above i t  and r a d i a l  
expansion on t h a t  p o r t i o n  below i t .  This i s  c h a r a c t e r i s t i c  
of any f i n i t e  h e l i c a l  v o r t e x ,  i n c l u s i v e  o f  t h e  wake below a 
hover ing  r o t o r .  The induced v e l o c i t y  d i s t r i b u t i o n  f o r  t h e  
t a n g e n t i a l  component, V t ,  and t h e  downwash component, V,? a r e  
no t  of  importance and a r e  shown h e r e  p u r e l y  f o r  g e n e r a l  i n -  
t e r e s t .  As  a n  e lement  of  t he  t i p  v o r t e x  g e n e r a t e d  by a hover- 
ing r o t o r  b l a d e  p a s s e s  downstream, it e x p e r i e n c e s  t h e  t r a n s i t i o n  
from r a d i a l  c o n t r a c t i o n  t o  expans ion .  D u r i n g  t h e  t r a n s i t i o n  
i t s  ra te  o f  d e s c e n t  i s  dec reased  and i t s  r e l a t i v e  p o s i t i o n  t o  
t h a t  segment of  t h e  t i p  v o r t e x  d i r e c t l y  above i t  (which has  
been g e n e r a t e d  by t h e  fo l lowing  blade 1/2 a r e v o l u t i o n  l a t e r )  
i s  such  t h a t  t h e y  begin  r e v o l v i n g  abou t  t h e i r  c e n t r o i d  of  
v o r t i c i t y .  Although the  v e l o c i t y  d f s  t r i b u t i o n s  a r e  q u i t e  
e r r a t i c  a f t e r  t h e  wake has converged upon a d i s t o r t e d  geometry,  
t h e r e  a r e  c e r t a i n  gross s i m i l a r i t i e s  between t h e  r a d i a l  f low 
d i s t r i b u t i o n  b e f o r e  and a f t e r  wake d i s t o r t i o n .  

For example,  t h e  induced r a d i a l  f low i s  s t i l l  inboa rd  
ove r  t h e  f i r s t  r e v o l u t i o n  and a h a l f  of t h e  h e l i x .  D e s p i t e  
t h e  e r r a t i c  p a t t e r n  of  t h e  r a d i a l  f low o v e r  t h e  r e s t  o f  t h e  
wake, t h e  g r o s s  r a d i a l  f low d i r e c t i o n  i s  s t i l l  outboard  and 
t h e  t r a n s i t i o n  from c o n t r a c t i o n  t o  expansion i s  much s h a r p e r  
due t o  t h e  s t r o n g  v o r t e x  i n t e r a c t i o n .  
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A s  wake c o n t r a c t i o n  t a k e s  p l a c e ,  t he  downwash v e l o c i t y  
from t h e  r o t o r  i s  i n c r e a s i n g  i n  t h e  d i r e c t i o n  of f low,  and 
i t  p rov ides  a f a v o r a b l e  v e l o c i t y  g r a d i e n t  which a i d s  v o r t e x  
s t a b i l i t y .  A f t e r  t h e  wake has r eached  m a x i m u m  c o n t r a c t i o n  
and begins  i t s  e r r a t i c  expans ion ,  t h e  downwash v e l o c i t y  
d e c r e a s e s  i n  t h e  d i r e c t i o n  of  f low.  This  would probably  
f a v o r  v o r t e x  i n s t a b i l i t y .  A l so ,  t h e  induced v e l o c i t y  d i s t r i -  
bu t ion  a long  t h e  t i p  v o r t e x  p a t h  a f t e r  wake c o n t r a c t i o n  t a k e s  
p l a c e  is q u i t e  e r r a t i c  and any p e r t u r b a t i o n s  p r e s e n t  would 
probably  be a m p l i f i e d  and a i d  v o r t e x  breakup. 
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VI I. CO NC LUS I O N S  

1, The p r i n c i p a l  conc lus ions  t o  be drawn from t h e  v o r t e x  
s t a b i l i t y  i n v e s t i g a t i o n  a r e  as fo l lows  : 

a .  A 1 1  t h e  wakes observed were asymmetr ical  due t o  
small d i f f e r e n c e s  i n  loading  between b l a d e s .  The 
t i p  v o r t e x  p reced ing  the  b lade  w i t h  t h e  g r e a t e s t  
l oad ing  i s  d e f l e c t e d  t h e  most d u r i n g  b l ade  passage 
and i s  t h e  f i r s t  t o  undergo v o r t e x  i n t e r a c t i o n .  

b. Vor tex  i n t e r a c t i o n ,  where two v o r t i c e s  r e v o l v e  
abou t  t h e i r  common c e n t r o i d  of v o r t i c i t y  a t  a 
r a t e  p r o p o r t i o n a l  t o  t h e i r  s t r e n g t h  and i n v e r s e l y  
p r o p o r t i o n a l  t o  t h e  squa re  of  t h e i r  s e p a r a t i o n  , 
always occur s  between v o r t i c e s  g e n e r a t e d  by neigh-  
bor ing  r o t o r  b l a d e s .  

c .  A s  t h e  number of b l ades  i n c r e a s e ,  o r  as the  c o l -  
l e c t i v e  p i t c h  d e c r e a s e s ,  t h e  a n g u l a r  r a t e  a t  which 
two v o r t i c e s  r evo lve  abou t  t h e i r  common c e n t r o i d  
o f  v o r t i c i t y  i n c r e a s e s  and v o r t e x  i n s t a b i l i t y  and 
d i f f u s i o n  occur  soone r .  

d .  The mechanism b e l i e v e d  t o  be r e s p o n s i b l e  f o r  in ; -  
t i a t i n g  l a r g e  s c a l e  v o r t e x  i n t e r a c t i o n  is t h e  
t r a n s i t i o n  from a s t r o n g  r a d i a l  wake c o n t r a c t i o n  
t o  a n  e r r a t i c  r a d i a l  wake expans ion .  

e .  For t h e  two-bladed p r o p e l l e r  and r o t o r ,  b o t h  
v o r t i c e s  always p a i r e d  up and des t royed  each  o t h e r  
th rough v o r t e x  i n t e r a c t i o n .  

f .  For t h e  fou r -b l aded  p r o p e l l e r  and r o t o r ,  two 
ne ighbor ing  v o r t i c e s  always p a i r e d  up and d e s -  
t r o y e d  each  o t h e r  wh i l e  t he  o t h e r  two passed  
f u r t h e r  downstream and e i t h e r  broke up inde -  
penden t ly  o r  p a i r e d  up and d e s t r o y e d  each  o t h e r .  

g .  A t  h i g h  t i p  Mach numbers u n s t a b l e  s i n u s o i d a l  
f l u c t u a t i o n s  of  t h e  t i p  v o r t e x  occur  c l o s e  t o  
t h e  r o t o r .  These appea r  t o  be induced by t h e  
s t r o n g  shock format ion  p r o j e c t i n g  from t h e  
lower s u r f a c e  o f  t he  a i r f o i l  i n  the  v i c i n i t y  
of t h e  t i p .  

h. The free-wake a n a l y s i s  d e s c r i b e s  i n  a q u a l i t a t i v e  
manner t i p  v o r t e x  i n t e r a c t i o n  du r ing  hover ,  How- 
e v e r ,  t he  accu racy  of  t h e  a n a l y s i s ,  e s p e c i a l l y  
i n  t h e  far-wake r e g i o n ,  i s  h i g h l y  dependent  on 
t h e  method of  i n t e g r a t i o n .  

7 2  



2.  The fo l lowing  conc lus ions  c a n  be drawn from t h e  t i p  
shape i n v e s t i g a t i o n :  

a .  The combined use of  t h e  s c h l i e r e n  and hot -wire  
anemometer method i n  hover  provide  a v a l u a b l e  
means f o r  i n v e s t i g a t i n g  the  wake c h a r a c t e r i s t i c s  
o f  v a r i o u s  t i p  s h a p e s ,  and r e l a t i n g  them t o  t h e i r  
performance c h a r a c t e r i s t i c s .  

b. A t  low t o  medium t h r u s t  c o e f f i c i e n t s ,  t h e  58 deg 
swept t i p  shape outperformed bo th  t h e  squa re  and 
double-swept t i p  ove r  t h e  t i p  speed range  i n -  
v e s t i g a t e d .  

c.  For a swept t i p ,  h igh  sweep a n g l e s  a r e  r e q u i r e d  
t o  avo id  t i p  v o r t e x  breakdown a t  h i g h  t h r u s t  co-  
e f f i c i e n t s .  Once v o r t e x  breakdown occur s  t h e r e  
i s  a s i g n i f i c a n t  r e d u c t i o n  i n  r o t o r  performance. 

d ,  T i p  v o r t e x  induced l i f t  i n  t h e  t i p  r e g i o n  w a s  
found t o  be s u b s t a n t i a l  f o r  square  t i p  r o t o r s  
a t  h i g h  t h r u s t  c o e f f i c i e n t s .  

3. The c o m p r e s s i b i l i t y  and n o i s e  i n v e s t i g a t i o n  y i e l d e d  t h e s e  
c o n c l u s i o n s :  

a .  The fo rma t ion  and s t r e n g t h  of t h e  s p i r a l  shock 
wave were s t r o n g l y  a f f e c t e d  by the  t i p ' s  a i r -  
f o i l  p r o f i l e  and t i p  shape .  

The 70 deg s w e p t  t i p  produced l e s s  n o i s e  and 
b e t t e r  performance t h a n  the  squa re  t i p  a t  h i g h  
t i p  Mach numbers. 

b. 
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VIII. RECOMMENDATIONS 

1. Experimental  i n v e s t i g a t i o n s  need t o  be conducted t o  
de te rmine  v o r t e x  decay r a t e s ,  as a f u n c t i o n  o f  number 
of  b l a d e s  and c o l l e c t i v e  p i t c h ,  f o r  v a r i o u s  t i p  shapes .  

2 .  U s i n g  t h e  t echn iques  developed i n  t h i s  i n v e s t i g a t i o n ,  
t h e  performance and f low f i e l d  c h a r a c t e r i s t i c s  of  
o t h e r  promising t i p  shapes  need t o  be i n v e s t i g a t e d .  

3. Programs used t o  c a l c u l a t e  hover performance need t o  
account  f o r  v o r t e x  induced L i f t  a t  h i g h  t h r u s t  co- 
e f f i c i e n t s .  

4. F u r t h e r  s c h l i e r e n  s t u d i e s  need t o  be conducted t o  i n -  
v e s t i g a t e  t h e  shock fo rma t ion  and n o i s e  c h a r a c t e r i s t i c s  
a s s o c i a t e d  w i t h  o t h e r  t i p  shapes  and a i r f o i l  p r o f i l e s .  

5.  A free-wake a n a l y s i s  t h a t  can accommodate v o r t e x  d i f -  
f u s i o n  and i n s t a b i l i t y  needs t o  be developed f o r  ac- 
c u r a t e l y  r e p r e s e n t i n g  a hover ing  r o t o r ' s  wake. 
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